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Abstract 
Invasive introduced plants constitute a significant threat to native species and ecosystems across 
Australia. Thorough knowledge of invasive species is thus vital to determining the threat posed, and the 
appropriate levels of action to be taken in their control and management. Leucanthemum vulgare (Lam.) 
and Hieracium aurantiacum (Nägeli & Peter) are two invasive, non-native species of Asteraceae that are a 
danger to the environment of Kosciuszko National Park and elsewhere. This study aimed to clarify three 
main aspects of the ecology of these two species: (1) their resource use efficiency and the outcomes of 
resource competition with native species, (2) the characteristics of the native and introduced seed bank 
and any impacts of invasion, (3) and the presence of allelopathy. Soil, seed and plant samples were 
collected from sites within Kosciuszko National Park for use in competition and allelopathy growth 
experiments, and in seed bank trials. Leucanthemum vulgare exhibited the best ability to utilise available 
resources, growing significantly larger than the other species tested under the same conditions. 
Competition from both invaders negatively impacted one of the native species tested, but no impacts 
were evident for the other species. There were no significant negative impacts of invasion on species 
richness, from either invader at this present time, and little evidence of homogenisation. Germinants of 
both invaders were significantly more abundant within invaded patches, although dispersal up to 5 m 
away was still evident, noteworthy for L. vulgare, which has limited dispersal adaptations. No evidence of 
allelopathic interference competition on native species was found. The findings reaffirm the need to 
continue the current eradication program of H. aurantiacum to prevent its wider establishment and to 
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Invasive introduced plants constitute a significant threat to native species and ecosystems 
across Australia. Thorough knowledge of invasive species is thus vital to determining the 
threat posed, and the appropriate levels of action to be taken in their control and management. 
Leucanthemum vulgare (Lam.) and Hieracium aurantiacum (Nägeli & Peter) are two 
invasive, non-native species of Asteraceae that are a danger to the environment of Kosciuszko 
National Park and elsewhere. This study aimed to clarify three main aspects of the ecology of 
these two species: (1) their resource use efficiency and the outcomes of resource competition 
with native species, (2) the characteristics of the native and introduced seed bank and any 
impacts of invasion, (3) and the presence of allelopathy. Soil, seed and plant samples were 
collected from sites within Kosciuszko National Park for use in competition and allelopathy 
growth experiments, and in seed bank trials. Leucanthemum vulgare exhibited the best ability 
to utilise available resources, growing significantly larger than the other species tested under 
the same conditions. Competition from both invaders negatively impacted one of the native 
species tested, but no impacts were evident for the other species. There were no significant 
negative impacts of invasion on species richness, from either invader at this present time, and 
little evidence of homogenisation. Germinants of both invaders were significantly more 
abundant within invaded patches, although dispersal up to 5 m away was still evident, 
noteworthy for L. vulgare, which has limited dispersal adaptations. No evidence of 
allelopathic interference competition on native species was found. The findings reaffirm the 
need to continue the current eradication program of H. aurantiacum to prevent its wider 
establishment and to urgently reconsider the status of L. vulgare, which is not yet listed as a 
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This project examines the pathways by which two invasive non-native Asteraceae species; 
Leucanthemum vulgare (Lam.) and Hieracium aurantiacum (Nägeli & Peter) are spreading 
within alpine communities of southern New South Wales (Kosciuszko National Park). The 
specific aims are to assess the processes that facilitate invasion through investigating the soil 
seed bank, resource and interference (allelopathy) competition, and to identify the likely 
impacts on native vegetation. This section will introduce the report and review literature, 
which is relevant to these aims, and contextualise this study within the theoretical framework 
of mechanisms of invasion. A case study of both of the invasive species will be presented, and 
legislation relevant to weeds and their control outlined.  
 
1.1. Impacts of Introduced Species 
 
The presence of introduced species in the natural environment can have significant impacts on 
biological processes and ecosystem function (Vitousek et al. 1997). Elton (1958) described 
the potentially destabilising impacts of introduced species on natural ecosystems, and the ease 
with which some ecosystems could be invaded. The potential for introduced species to 
directly endanger other species has also been identified (Pimentel et al. 2005), with biological 
invasions often considered as a principle factor in the global loss of biodiversity (Sala et al. 
2000; Mason et al. 2009). Homogenisation of species assemblages in ecosystems due to the 
presence of introduced species, can result when ecological niches are filled to the detriment of 
uncommon or specialist native species (Khuroo et al. 2010; ). Introduced species can also 
impact economically and socially in terms of effects on primary agricultural production, 
aesthetics and human health (Elton 1958). The study of each of these impacts is thus a critical 
component in attempting to prioritise control measures, and target strategies. 
 
Anthropogenic activities have been largely responsible for the movement of species around 
the globe and this has, until recently, been very loosely controlled (Khuroo et al. 2010). Such 
movements have been responsible for both deliberate and accidental introductions, and whilst 
the majority of introduced species are not invasive others can be major problems, spreading 
rapidly and becoming dominant and widespread (Khuroo et al. 2008). Awareness of 
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introduced species and how they spread, can prevent further expansion and limit new 
invasions (Pysek & Richardson 2010).  
 
Introduced species of flora in areas beyond their natural range can become naturalised; 
meaning they reproduce consistently and can sustain their populations over many growth 
cycles, and without human involvement (Richardson et al. 2000). Plant species become 
invasive when they begin to disperse away from the site of introduction into natural, semi 
natural and human-made ecosystems. Richardson et al. (2000) recommends the following 
criteria to evaluate whether a species dispersal is at the level of invasion; > 100 m over < 50 
years for taxa spreading by seeds and other propagules, and > 6 m/3 years for taxa spreading 
by roots, rhizomes, stolons or creeping stems. The term invasive is often differently used and 
understood however, with Richardson et al. (2000) suggesting that it be used without 
inference to environmental or economic impact, with ‘weed’ instead being used in this 
capacity. Those invasive species which adversely impact native biodiversity and ecosystem 
functioning and are generally termed environmental weeds (Humphries et al. 1991). 
 
1.2. Introduced Plants in Australia 
 
Introduced plants are a significant issue within Australia where 2681 plants have become 
naturalised, constituting 10 to 15% of the total number of Australian flora species (Groves 
2002). While some are deliberate introductions, many others are accidental introductions and 
are considered pests. Williamson & Fitter (1996) showed that approximately 10 % of plant 
introductions will become weeds and this has proved correct in Australia (Randal 2007). In 
terms of the social impacts of weeds, there are at least 23 common weeds growing in NSW 
which are of serious respiratory or toxic risk to humans, especially children (Noxious Weeds 
Advisory Committee 2009). 
 
The overall economic cost of introduced plant species to the agricultural industry is high, with 
beneficial introductions for agriculture consisting of relatively few species (Groves 2002). 
Sinden et al. (2005) estimated that weeds cost $4420 million annually during the period of 
1997-1998 to 2001-2002, including losses in production and value of output and the costs on 
management and control. This number does not take into account the cost of weeds to 
biodiversity, landscapes, tourism, water resources and other industries. In economic terms, the 
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negative impacts of introduced species far outweigh any positive ones, with a number of 
introduced plants in NSW negatively impacting grazing, dairy and cropping (Pimentel et al. 
2005). Ironically, many plant introductions causing negative impacts have been through 
deliberate attempts to bring in new species for cultivation.  
 
The environmental impacts of invasive species constitute a considerable threat to nature 
conservation in Australia (Humphries et al. 1991). Clearing, changes in fire regime and 
increased nutrient loads have opened up many areas to invasion. The impacts of invasive 
plants are significant, with a number of native plant extinctions being attributed primarily to 
introduced flora (Noxious Weeds Advisory Committee 2009). In New South Wales, 
introduced flora has adversely affected 341 species and many more populations and 
endangered ecological communities (Coutts-Smith & Downey 2006; Noxious Weeds 
Advisory Committee 2009). Species such as bitou bush Chrysanthemoides monilifera subsp. 
rotundata, have been identified as being a major threat to a large number of native species 
(DEC 2006). Their impacts on fauna can be significant through modification of habitat, fire 
regimes or food and shelter (Brooks et al. 2004). The introduced plant Mimosa pigra in 
Northern Territory of Australia forms monospecific thickets which has reduced the abundance 
of the native Magpie Goose Anseranas semipalmata (Groves 2002). At a community level 
weeds are threatening 89% of endangered ecological communities (Noxious Weeds Advisory 
Committee 2009). The damage caused to native ecosystems, species and the broader 
Australian environment by these introduced invasive species has lead to federal and state 
bodies introducing legislation (see Section 1.4; Federal and New South Wales Weed 
Legislation).  
 
The impact of invasive species on particular habitats is not always uniform. In more extreme 
climates, such as the alpine areas of Kosciuszko National Park, the proportion of the total 
flora that is introduced is only around 5% (Groves 2002). Whilst such an area is apparently 
resistant to invasion (McDougall et al. 2005), there are a number of species which are 
currently threatening the area. Hieracium aurantiacum and Leucanthemum vulgare are listed 
in Australian state legislation as noxious weeds in various jurisdictions (Australian Weeds 
Commitee 2012). The prevalence of these species in Kosciuszko National Park is an issue in 
an area renowned for its endemic and threatened flora, and which is included on the 
Australian National Heritage list. Both have been found to have rapidly expanding ranges and 
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H. aurantiacum in particular, has been shown to be quite damaging in other areas where 
invasion has occurred (Espie 2001). The suite of accompanying processes to plant invasion 
such as human disturbance, climate change and other new invaders (McDougall et al. 2005), 
highlights the importance of improving the knowledge of these invasive species to improve 
management and control practices. 
 
1.3. Alpine Ecosystems 
 
Alpine and subalpine areas in total comprise just 0.15% of the Australian land surface and yet 
are quite important in terms of recreation, environmental significance and their role as a 
watershed (Williams & Costin 1994). Within Australia, they are found above altitudes of 
1370m (Williams & Costin 1994), although the distinction between subalpine and alpine 
communities is often blurred (Love 1970). Alpine ecosystems are widespread across the globe 
and are considered to be areas where no month has a mean temperature higher than 10°C; this 
being the minimum average temperature required for tree growth and long-term survival 
(Williams & Costin 1994). This absence of trees generally defines an area as alpine whilst 
subalpine areas exists at slightly lower altitudes and may be sparsely timbered. Due to slow 
rates of formation, most alpine soils are fragile and recover only slowly from disturbance. 
 
The susceptibility of alpine areas in Australia to invasion by environmental weeds is relatively 
low (Humphries et al. 1991), despite a long history of usage by humans (Groves 2002). Most 
introduced species are uncommon with low cover except where disturbance is high such as 
near tourist areas or infrastructure. Despite this McDougall et al. (2005) puts forth a 
convincing case as to why invasive species in the Australian Alps need greater attention, with 
the increasing pressures of global warming, droughts and ongoing human impacts. The recent 
encroachment of native shrubland and trees into treeless alpine vegetation and recent 
bushfires and drought (Wearne & Morgan 2001; McDougall 2003), supports this. 
 
Johnston & Pickering (2001) found 175 species of non-native species present in the 
Australian Alps while McDougall et al. (2005) cites 128 invasive species as being present and 
to have spread into treeless natural vegetation. Many are perennial herbs possessing similar 
traits to the native herbs of Australian alpine areas (Godfree et al. 2004). The origin of about 
90% of these species is European and perhaps surprisingly, only a few are naturally alpine 
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species including H. aurantiacum, which is one of the focus species of this thesis (McDougall 
et al. 2005). Most others are species of open ground and pasture and are also found at lower 
elevations.  Current major concerns in terms of invasive flora include the other focal species 
of this thesis; L. vulgare (Benson 2012), and others such as Rubus spp, Salix spp, Echium 
vulgare which are competing with native species (NPWS 2007). 
 
1.4. Federal and New South Wales Weed Legislation  
 
Various regulations exist at state and federal levels concerning the control, classification and 
movement of species deemed as weeds. At the Federal level there is no legislation outlining 
management of invasive and introduced species, as responsibility lies with the relevant state 
or territory authority. However a list of 32 plants of concern exist, the Weeds of National 
Significance (WoNS). This identifies plants as significant at a national level due to their 
potential for spread and environmental, social and economic impacts. The National 
Environmental Alert List is a complementary list of plants that could pose a significant threat 
to biodiversity if not managed. It includes 28 non-native weed species, including H. 
aurantiacum. The Commonwealth maintains control over quarantine matters so as to limit the 
potential for future invasive species to enter the country. This is governed by the Environment 
Protection and Biodiversity Conservation Act 1999 (EPBC Act) and the Quarantine Act 1908 
and subordinate legislation. The Weed Risk Assessment system is undertaken on new arrivals 
and species are classified on the ‘Live import list’. 
 
In New South Wales the key piece of legislation is the Noxious Weeds Act 1993. The Act 
concerns the control and management of a select number of weed species deemed as noxious 
and further classifies each due to threat level. The Noxious Weed Act 1993 focuses on plants 
that pose a potentially serious threat to primary production, the environment or human health 
and are likely to spread in the area or to another area. The Act outlines the responsibility for 
management of classified noxious weeds by the landowner in accordance with specified 
procedures outlined, with penalties applying if the obligations are not followed. Additionally, 
the landowners must notify the local control authority of the presence of a notifiable weed, 
classified as a Class 1, 2 or 5. In New South Wales, 286 plant species have been declared 
noxious weeds (NSW SoE 2006), whilst 370 species had been declared nationally in total 




Invasions by introduced species can be a threatening process to threatened species, identified 
nationally under the EPBC Act, and in New South Wales this is outlined in the Threatened 
Species Conservation Act 1995 (TSC Act). An example is the key threatening process listing 
for ‘Loss and degradation of native plant and animal habitat by invasion of escaped garden 
plants, including aquatic plants’ under both the EPBC (DSEWPaC 2010) and TSC Acts (OEH 
2011). As a consequence of listing invasive species as a threatening process, a threat 
abatement plans may be developed to eliminate or manage the threat.  
     
1.5. Leucanthemum vulgare 
 
Leucanthemum is a genus of 33 species in the family Asteraceae which occurs naturally in 
Europe and parts of Northern Africa (Bohm & Stuessy 2001). Some species are cultivated and 
have been introduced to many locations, with some becoming weeds in the process. 
Leucanthemum vulgare (Lam.) is a perennial rosette-forming herb with generally unbranched 
stems up to 1 m in height (Figure 1), and is commonly known as ox-eye daisy. It spreads 
primarily by seeds, with individual plants potentially producing 26,000 achenes annually 
(Salisbury 1942). It is also capable of spreading by rhizomes. The leaves are spathulate to 
round, dentate and on long stalks. Flower heads are mostly solitary with a central yellow disc 
and white petals (Clements et al. 2004).  
 
L. vulgare is native to Europe and parts of Asia but is a weed in many locations such as North 
America and Australia (Holm et al. 1979). In Australia it is found in Victoria, Tasmania, 
South Australia and NSW, having escaped from cultivation as a garden ornamental (Parsons 
& Cuthbertson 2001). It was first introduced to South Australia in 1858 and naturalised by 
1907 and naturalised in Victoria by 1905. In New South Wales it is found from Glen Innes in 
the north, to Bombala in the south, in temperate areas with annual rainfall greater than 
750mm (Figure 2). It generally prefers soils which are heavy and damp with soil fertility 
found to have a limited effect on growth (Parsons & Cuthbertson 2001). It is sometimes found 
to be more prolific on poorer soils, although this is probably due to a competitive 





The environmental impacts of L. vulgare are many. This species can form dense populations 
that can reduce the diversity of native species and is associated with increased bare soil 
(Olson & Wallander 1999). This occurs due to the shallow root system and the plants ability 
to blanket areas, increasing erosive potential and the rate of loss of soil nutrients. 
Leucanthemum vulgare can also negatively impact agricultural productivity by reducing 
pasture quality as it is avoided by livestock (Olson & Wallander 1999). It has also been found 
to harbour several species of polygalous gall-forming Meloidogyne nematodes that feed on 
crops (Davidson & Townshend 1967). Comprehensive details of the ecological, 
environmental and sociological impacts of L. vulgare are not well established (Olson & 
Wallander 1999) and this is particularly true in the Australian context. Studies which have 
been performed include that by Khuroo et al. (2010) in India, which found a significant 
decline in species richness in quadrats that were highly invaded (visual cover higher than 
70%) by L. vulgare. This species caused homogenisation of species composition with lower 
values of species richness evenness in invaded sites. Further, it was thought to be having a 
potentially inhibitory role in limiting the natural regeneration of seedlings on the forest floor. 
In New South Wales, L. vulgare has invaded grassy woodlands, wet sclerophyll forests and 
alpine vegetation (Carr et al. 1992). The invasion around Tantangara Reservoir in Kosciuszko 
National Park has the potential to directly threaten a number of endangered native plant 
species found on Kellys Plain (Benson 2012), and recorded on nearby Nungar Plain 
(McDougall & Walsh 2002). These include two species of threatened Calotis daisy and 
Bulbine glauca. Quantifying the mechanisms of invasion of this introduced species may 
clarify how threatened such native species are and whether others may be at risk. 
 
Management and classification of L. vulgare within Australia is variable between states 
although federally it is classed as a minor weed to be refused entry under AQIS guidelines. In 
Victoria where the invasion has been most prolific it is deemed a noxious weed and classed as 
both a regionally controlled weed and a restricted species. Within Western Australia the 
legislation still lists L. vulgare as permitted on the Permitted and Prohibited plant import list. 
In other states, including New South Wales it is not included on official controlled or noxious 
weed listings (Australian Weeds Commitee 2012). Control efforts have highlighted the 
resilience of this species to control measures with methods such as shading and high fertilizer 
application proving most successful (Cole et al. 1990). Herbicides can be effective but it is 
has developed resistance to some chemical treatments (Benson 2012). Mowing or cultivation 
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has been implemented in some invasions in North America but are impractical or 
inappropriate in conservation reserves (Olson & Wallander 1999). Grazing is not 
recommended as ox-eye daisy is not favoured forage and grazing could spread seeds via 
animal faeces. Extensive management of this weed is occurring in some protected areas in 
NSW (P. Turner 2012, pers comm., 7 August). At the current stage of weed management, the 
priority is containment (Figure 5), with a focus on spraying or pulling plants and a 
containment area centered on Kellys Plain having been established. The aim of this is to 
reduce the spread and/or severity of the population and prevent having to focus on the next 
stage; asset protection, which aims at limiting the impact of, widespread established weeds 





Figure 1. Leucanthemum vulgare. A: the growth habit and flower head, bar=2cm 





Figure 2. Distribution of L. vulgare in New South Wales, showing a preference for areas 
of higher rainfall along the Great Dividing Range (NSW Flora Online 2012a). Spread 
has since occurred, with the sampled sites not shown on this map  
 
1.6. Hieracium aurantiacum 
 
Hawkweeds (Hieracium spp.) of the family Asteraceae are perennial herbs that grow from 
fibrous underground rhizomes and generally in a rosette form (Wilson 2006). Hieracium 
aurantiacum (Nägeli & Peter) belongs to the Pilosella or 'meadow hawkweed' group of the 
genus, separated from the rest of the genus by the presence of stolons (Wilson 2006). 
Commonly known as orange hawkweed, H. aurantiacum has leaves which are oblanceolate to 
narrowly elliptic, with a covering of bristly hairs on the upper leaf and are up to 120 mm long 
(Figure 3). A single, leafless scape is produced from the centre of the rosette of leaves, 
bearing a cyme of orange to red-brown capitula (Wilson 2006). In its native range in Europe 
H. aurantiacum is a ruderal species of pastures, roadsides, abandoned fields and meadows 
(Wilson & Callihan 1999), tending to grow at elevations between 725 to 1700 m.  
 
Many species of Hieracium have become serious environmental weeds in North America 
(Wilson 2006), New Zealand (Espie 2001) and in an expanded range within Europe (Blood 
2001). A number of hawkweed species have naturalised in Australia, although some have 
since been eradicated (Williams & Holland 2007). Hieracium aurantiacum has demonstrated 
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its ability to become a highly damaging weed in New Zealand (Espie 2001) where it has 
spread widely.  In Australia, H. aurantiacum ssp. carpathicola has been found in Tasmania 
(Natural Heritage Trust 2003), Victoria and in 2003 it was first recorded in New South Wales 
in areas near Khancoban, within Kosciuszko National Park (Figure 4). These first records 
were soon after the 2003 wildfires, which affected large areas of the park and surrounding 
areas. It is believed that it escaped from cultivation, having been grown as a garden 
ornamental in the past, with some populations in New South Wales and Tasmania thought to 
have been present for nearly 50 years. Hieracium aurantiacum has accordingly been 
recognised as an ‘Agricultural Sleeper Weed’ in Australia (Brinkley & Bomford 2002). 
Hieracium pilosella similarly took more than 50 years from ‘naturalisation’ to becoming a 
widespread weed in New Zealand (Espie 2001; Groves 2006). Surveillance and monitoring 
since 2003 have found 135 ‘infestations’ of H. aurantiacum within seven localities, totalling 
7.43 ha in a ‘Target Area’ of 8,165 ha (Bean & Turner 2012) 
 
The main concern from invasion by H. aurantiacum is its impacts on the biodiversity of 
alpine ecosystems where it could potentially displace inter-tussock vegetation, such as herbs, 
from grasslands and subalpine woodlands (Morgan 2000, National Heritage Trust 2003). In 
New Zealand it has spread into high risk agricultural land causing production losses and it is 
estimated that losses to the Australian grazing industries could be in the order of $48 million 
per annum, in the event that it occupied its entire potential range (Brinkley & Bomford 2002; 
Groves 2006). Impacts to grazing may result as it displaces nutritious pasture species and it is 
unpalatable to livestock. Impacts on soil properties such as acidity are also reported 
underneath established patches, potentially inhibiting the growth of other plants and having 
impacts to both the environment and agriculture (Bean & Turner 2012).   
 
In response to this, H. aurantiacum is listed on the National Environmental Alert List among 
27 other non-native weed species. Hieracium aurantiacum is a state prohibited weed in 
Victoria meaning it has, or may have, the potential to become a serious threat to primary 
production, Crown land, the environment or community health. In New South Wales, H. 
aurantiacum is a Class 1 State Prohibited Weed meaning it is notifiable and is declared state-
wide. In Tasmania it is a declared plant meaning there are restrictions in place and 
recommended measures for its control. In Western Australia it is a prohibited species, as are 
all in the genus Hieracium. It is also a proclaimed plant in New South Wales, Victoria, 
11 
 
Tasmania and Western Australia which limits the legal movement and means that plants must 
be suppressed and destroyed where found (McDougall 2004).  
 
The genus Hieracium, including H. aurantiacum, has been the focus of recent study relating 
to their invasiveness in the Australian context. The Department of Primary Industries in 
Victoria (2008) examined H. aurantiacum in an ‘invasiveness assessment’; a tool used to 
outline potential invasibility by combining information on its life history traits, establishment 
requirements and competitive ability. Bear (2011) found that meadow hawkweeds possess 
many life history traits related to rapid vegetative growth and reproductive capacity that 
confer on them a number of competitive strategies, allowing them to become successful 
invaders in many parts of the world. A report by Cousens & Williams (2011) indicates that 
most of the recent populations of H. aurantiacum could have conceivably originated due to a 
wind dispersal plume guided by the areas prevailing winds. Additionally, the areas at most 
immediate risk from invasion are those adjacent to current populations or where disturbance 
is a past or current issue.  
 
Control and management of H. aurantiacum in New South Wales is currently focused on 
preventing its spread by early detection, education and limiting the movement of plants and 
seeds, with the ultimate aim of eradication of all infestations (Bean & Turner 2012). Whether 
populations are eradicated or suppressed is dependent upon how extensive they are, although 
about 64% of populations so far treated persist and have required further suppression 
(Caldwell & Wright 2011). Grazon DS® herbicide (Triclopyr, Picloram) is the recommended 
product for the control of hawkweeds although testing has found Grazon-Extra® (Triclopyr, 
Picloram and Aminopyralid) to be more effective (Caldwell & Wright 2011). Roundup 
Biactive® (Glyphosate) has been used in some applications (J Caldwell 2012, pers. comm., 24 
January) Digging out of plants (Burton & Dellow 2005) and, in New Zealand pasture 
improvement, has also proven successful. A biological control program is also under way 
focusing on several insect and fungal agents. If continued discovery of populations of H. 
aurantiacum farther afield within Kosciusko National Park occur, the next step in 
management may be containment; reducing the spread and/or severity of established weed 





Figure 3. Hieracium aurantiacum; A: growth habit within Kosciuszko National Park 
showing the clumping nature of the plant, bar=1.5cm (Walsh 2003); B: seed showing the 
pappus, bar=2mm 
 
Figure 4. Distribution of H. aurantiacum in New South Wales in the Kosciusko National 




Figure 5. The biosecurity continuum detailing the stages of weed management as time 
and extent of invasion increase. Leucanthemum vulgare is at the containment phase and 
H. aurantiacum at the eradication phase (Bean & Turner 2012). 
 
1.7. Invasion Theory 
 
The potential for plant species, such as L. vulgare or H. aurantiacum, to become invasive, and 
the amount of damage it will cause, can be attributed to various factors. Life history traits are 
often indicative of a plants potential to become a weed (Baker 1965; Sutherland 2004). Baker 
(1974) defined 13 traits that characterised a weed, including their ability to prosper in various 
habitats and ecosystems (Marvier et al. 2004). The C-S-R triangle model by Grime (1979), 
places plants on a continuum depending on their response to limiting factors and 
stress/disturbance. Plants would be described as competitive, stress-tolerators or ruderals 
under this model. The related r- and K- model of MacArthur & Wilson (1967) attempted to 
class species based on their adaptations to stress and disturbance as expressed through life 
history traits such as reproduction. The expectation that invasive species are usually ruderals 
or competitive ruderals (MacArthur & Wilson 1967), is closely tied to assumptions of stress 
and disturbance at certain levels. Criticism of these theories however, is that species rarely 
exhibit simply one strategy or set of traits and invasive species in particular, have much 
plasticity in their growth habits (Lambdon et al. 2008). Additionally, Stohlgren et al. (1999) 
maintained that the characteristics of the habitat that allow invasion are as important a 




Another approach has been to investigate whether broader phylogenetic linkages can be used 
to assess potential weed status (Daehler 1998). Species within plant family complexes often 
share many similarities in terms of life history traits and other habits and this has led to 
certain families and genera being considered ‘weedy’. Poaceae and Asteraceae together 
contain around 40% of weeds impacting agriculture globally and could be considered this 
way (Henry & Scott 1981; Radosevich & Holt 1984). The high invasive potential of these 
families has been linked to seed and fruit morphological features that facilitate dispersal 
(Salisbury 1961; Carr et al. 1992). Others (Daehler 1998) have attributed the apparent over-
representation of Asteraceae as a weed simply to the large size of the group, which has more 
than 22,750 currently accepted species, spread across 1620 genera and 12 subfamilies. 
Similarly the family Poaceae with over 10,025 currently accepted species is the fifth-largest 
plant family, although evidence suggests it is still proportionally overrepresented (Daehler 
1998). The high importance this family to humanity in terms of crops and fibre may partially 
explain this, with optimum conditions for its growth cultivated by land managers. Hazard 
(1988) identified similar indicators of weediness: relationship to taxa with a history of 
invasion such as Asteraceae, Amaranthaceae and Brassicaceae, along with life history traits 
and a history as a weed elsewhere. Panetta (1993) suggests that a plant's history as a weed 
elsewhere in the world in similar climatic conditions may be the most reliable basis for 
predicting weediness in Australia.  
 
An understanding of how certain plant species fit within the broader knowledge of invasion 
theory can highlight their propensity to become a major weed in Australia, even if they are 
currently not. Authorities can then decide the amount of resources that are worthwhile to be 
directed towards such species. The track record of eradicating invasive plant species is poor, 
with Mack & Lonsdale (2002) suggesting that preventing invasion and controlling 
populations while small is the most effective strategy. 
 
1.8. Mechanisms of Invasion 
 
While identifying characteristics of invaders has been useful, identifying the important 
mechanisms by which weeds such as H. aurantiacum and L. vulgare invade may be a better 
way to identify invasion issues. For example, do these plants invade because they develop 
large seed reserves in the soil that improve their chances of gaining new available spaces in 
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the landscape (Gioria et al. 2012)? Or does rapid growth mean that resource competition is 
most important (Aldrich & Waller 1987; Zimdahl 1993)? Does a species invade more easily 
because it utilises chemicals for allelochemical interference (Seigler 1996)? Answering these 
questions will aid managers in recovery native species, ecosystem and communities by 
focusing control methods in the most appropriate way (Bakker et al. 1996). 
 
1.8.1. Resource Competition 
The abundance of invasive species can be related to their ability to use resources efficiently 
and outcompete existing species. Many possess physiological traits and life history strategies 
that enable them to exploit ecological opportunities such as disturbance. Successful invasion 
is often a function of high resource use efficiency allowing larger growth with limited 
resources (Witkowski 1991) and quicker maturation and reproduction. This competition can 
lead to plant displacement through the dominance over limited resources such as light, water, 
and nutrients against neighbouring plants (Aldrich & Waller 1987; Zimdahl 1993). 
 
The importance of competition in the struggle between individuals is asserted to be dependent 
on the structure of the community and resource availability. In scarcely disturbed and stressful 
environments such as alpine areas, the impact of competition is highly dependent on 
environmental conditions (Oksanen 1993) and the ability to tolerate stresses. Grime (1979) 
argued that competitive ability is inversely related to stress tolerance with competitive species 
excluded or at least the importance of competition as a structuring force reduced in stressful 
environments (Inderjit & del Moral 1997). It is also argued that competitive vegetative growth 
is more important than seed dispersal in seldomly disturbed communities (Thompson & 
Grime 1979), due to the unreliability of niches to open.  
 
The mechanisms of competition can operate in a number of ways. Often the success of many 
introduced species can be the result of ecological advantages afforded by traits that are 
unfamiliar to the new community, a theory known as the novel weapons hypothesis (Callaway 
& Ridenour 2004). Related to this is the theory that many invasive species in direct 
competition with native neighbours are successful due to the lack of accompanying enemies 
such as pathogens, parasites and predators in their introduced range (the enemy release 




Hieracium aurantiacum and others in the Pilosella group primarily utilise vegetative 
reproduction by rhizomes and stolons (Espie 2001; McDougall 2004), a strategy that is high 
investment but quite successful. This clonal spread can lead to the formation of dense 
smothering mats of plants (Makepeace 1985). The mat forming capabilities of H. 
aurantiacum and the rosette forming habits of L. vulgare may indicate that direct competition 
may be an important factor in their ability of these species to invade areas and to win space. 
 
1.8.2. Soil Seed Bank 
A soil seed bank can serve as a fall-back strategy to protect a population of a species against 
stochastic environmental events, which may wipe out adult and seedling stage plants. In many 
weed species however, the soil seed bank is a means by which plants infest and reinfest areas, 
a trait that has become associated with some of the most persistent and troublesome weeds 
(Cavers & Benoit 1989).  
 
Knowledge of seed bank dynamics is an important consideration in managing weeds, 
influencing which control measures are deemed most appropriate, and the likely outcomes of 
restoration (Bakker et al. 1996; Zavaleta et al. 2001). Seed banks are defined as either 
transient or persistent (Grime 1979), with persistent seed banks the most important when 
considering management and restoration. Persistent seed banks of invasive species can allow 
weeds to maintain a role in a community, even after succession or following weed control. 
Thus the length of time the invader has been present can be important in advising on the 
potential for reinvasion based on the seed bank present (Zavaleta et al. 2001). Consideration 
of the likely impacts of future disturbance also becomes more important in such instances, as 
it may bring about the optimum conditions for re-invasion (Appleby 1998), by reactivating 
the seed bank. 
 
The soil seed bank can also provide a long-term view of the regenerative capacity of an area 
to return to a pre-invaded state (Zavaleta et al. 2001; Wearne & Morgan 2006). Changes to 
native ecosystems resulting from invasion can become more pronounced as time goes on, due 
to impacts of invasion on the transient seed bank and diminished inputs from standing 
vegetation causing a depauperation of the seed bank (Hobbs & Mooney 1986; French et al. 
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2010). Ecosystems which heavily rely on soil seed bank regeneration often lose the most 
species from standing vegetation as a result of invasion, unless a persistent seed bank is 
present (Bakker et al. 1996). If the seed bank is significantly altered with certain functional 
groups disproportionately affected, a permanent shift in community structure may occur 
potentially impacting ecosystem processes, making ecological restoration more difficult 
(Hobbs & Norton 1996; Mason et al. 2007).  
 
Study of the soil seed bank can indicate other factors of the ecology of invasive and native 
species in a community such as seed dispersal from source and whether such mechanisms are 
limited (Hobbs & Norton 1996; French et al. 2010)  Longevity in the seed bank is an 
important aspect to consider when restoring invaded areas and how long control should be 
continued with (Gioria et al. 2012). The abundance of seed in the bank can give insights into 
the reasons behind invasion success with large amounts of seed indicating an invader is likely 
succeeding due to a high frequency of propagules in a system rather than any particular 
competitive advantage (Lavorel & Lebreton 2002). Hieracium aurantiacum and L. vulgare 
have been noted in seed banks in their native Europe (Milberg & Hansson 1994; Kalamees & 
Zobel 1998; Pärtel et al. 1998; Koch et al. 2011), but their impact on the native seed bank in 
Australia has not been investigated previously.  
 
Most species in the Pilosella group of Hieracium do not rely on seed as a major reproductive 
tactic (Wilson 2006) although they do produce large quantities of seeds with a pappus for 
wind dispersal. Other forms of dispersal include attachment to animals and clothing as the 
pericarp of this species is ribbed and covered in minute spines. Transportation by water 
downslope and subsequent germination, has also been found (Blood 2001; Natural Heritage 
Trust 2003). Previous studies on the seed bank of H. aurantiacum have recorded a minimal 
presence (Milberg & Hansson 1994) whilst others regard the seed bank as transient or short 
term persistent(Natural Heritage Trust 2003; Bear et al. 2012).  
 
Little work has been done specifically on L. vulgare and the mechanisms of its seed bank and 
its interaction with native systems. What is known is that the seed does not have a dormancy 
mechanism (Povilaitis 1956), although it can remain viable for extended periods if conditions 
do not allow germination, with one study still finding viable seed after 39 years of artificial 
burial (Toole & Brown 1946). The lack of specialised dispersal ability in the plant has been 
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supported by a study by Coulson et al. (2001), where few achenes were found beyond 0.6m 
from the plant. Another study looking at grassland seed banks have found L. vulgare to be 
widespread and to readily germinate in seed bank studies (Willems & Bik 1998).  
 
1.8.3. Allelopathy 
Interference competition through allelopathy may also promote invasion through inhibiting 
the growth of neighbouring plants (Rice 1984; Hierro & Callaway 2003). Allelopathy is the 
direct or indirect effect of one plant, or in some cases an interaction of a plant with a 
microorganism, on another through the production of chemical compounds. The effects of 
allelopathy can be harmful by limiting or suppressing plant growth or germination or in some 
cases beneficial (Rice 1984). Allelopathy has been reported for many species, in either their 
native or introduced habitats, although usually not in both (Terzi & Kocaçalişkan 2001). This 
justifies the repeated study of species in different locations and as part of different 
interactions. 
  
Demonstrating the existence and degree of allelopathy of a plant can often be difficult as it 
involves detecting a toxic effect of a compound, and demonstrating impacts on other plant 
species is primarily the function of that compound (Inderjit & del Moral 1997). This requires 
addressing the possibility that when other interactions such as resource limitations are 
alleviated, the allelopathic effect persists. There are situations where allelopathy has 
developed in response to resource competition further complicating the ability to strictly 
differentiate between these two forms of interaction (Williamson, 1990). There is also 
evidence that stress may enhance the production of allelopathic compounds (Chou, 1983).   
 
A number of studies have looked at the allelopathic properties of Hieracium and the means 
through which this mechanism operates. Dawes & Maravolo (1973) uncovered the presence 
of a number of phenolic and non-phenolic compounds in the soil as a result of H. 
aurantiacum growth, which were detrimental to the germination, survival and growth of tree 
species in North America. The pollen of the related H. pratense has been shown to be 
allelopathic to five sympatric Asteraceae species and to be an important ecological interaction 
(Murphy 2000). Hieracium pilosella has been found to exhibit growth patterns that may 
mimic allelopathic effects visually, with 'halos' of bare soil surrounding individuals (Boswell 
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& Espie 1998). In this zone, moisture and nutrients were exploited to such a degree that the 
establishment of other plant species was restricted. It also increased soil acidity and soluble 
aluminium content in the areas surrounding the plant. The impact of potential allelopathy 
upon Australian native species has not yet been studied making it a relevant research area.  
 
More generally the family Asteraceae has a large number of species with allelopathic 
properties, like secondary metabolites such as sesquiterpene lactones. One such compound, 
Alantolactone, has been found to inhibit the seed germination and growth of common weed 
species (Picman 1986). Leucanthemum vulgare is not reported to have any allelopathic 
properties (USDA, NCRS 2002), although no experimental basis to this is provided. 
 
 
1.9. Aims of the Study 
 
This study aims to enhance the current knowledge of the ecology of the invasive species H. 
aurantiacum and L. vulgare. A focus was on how these species are invading the Australian 
alpine ecosystems of Kosciuszko National Park and their impacts on native species. To 
investigate the mechanistic pathways through which these operate, I studied three potential 
pathways of invasion; direct seedling competition, the soil seed bank and interference 
competition (allelopathy), to determine their contribution as a part of the invasion strategy. 
 
The aims of this study were to: 
 Ascertain the resource-use efficiency of the invasive species, and their competitiveness 
against native congeneric species of the family Asteraceae. 
 Determine the density and distribution of the seed bank of H. aurantiacum and L. vulgare 
in and around invasions. Additionally I will investigate the species richness of the seed 
bank in these areas and any impacts of invasion. 
 Determine if either invasive plant species exhibits allelopathy by investigating if leached 
water-based compounds influences the growth of native species. 
 Provide a synthesis of how this new information can be used to better understand and 
manage the populations of these invasive species in Kosciuszko National Park and 
elsewhere. A list of recommendations and a number of future research and management 




2.1. Study Area 
 
The study area was located in the Snowy Mountains region of the Australian Alps, southern 
New South Wales (Figure 6). The majority of the area is reserved in Kosciuszko National 
Park, a site on the Australian National Heritage list. The Snowy Mountains are an elevated 
plateau that ranges between 1500 and 2228 m, with a climate that is typically alpine to sub-
alpine, receiving regular snowfall in winter (Smith & Dragovich 2008). Precipitation varies 
widely with altitude, from 760 mm in lower areas to 2286 mm in the alpine zone (Costin 
1954).  
 
The geology of the Snowy Mountains is largely granitic, although gneiss, schist, limestone, 
basalt, sedimentary and metamorphic rocks also feature at a local scale (Costin 1954). Soils 
vary from shallow gravel on steep slopes to organic-rich alpine humus in flat or poorly 
drained areas (Smith & Dragovich 2008). Australian alpine soils are well developed compared 
with elsewhere in the world (Costin et al. 2000). Soil and landscape development have, in 
part, been shaped by localised glaciation and associated rock-fracturing (Williams & Ashton 
1987). 
 
Large parts of the Snowy Mountains are treeless, mostly due to low summer temperatures and 
frost conditions, which prevent trees reaching maturity (McDougall et al. 2005). These 
condition are typically found in high alpine areas but can also be replicated in subalpine 
valleys due to the trapping of cold frost-producing air (Williams & Costin 1994). The 
vegetation of the Snowy Mountains is diverse with McDougall et al. (2005) stating that over 
700 native species are found in its treeless areas. Asteraceae species are heavily represented 
(16.8% of total flora), as are Poaceae (10.6%) and Cyperaceae (7.1%) species.  
 
The Snowy Mountains have a long history of anthropogenic use with the area used for sheep 
and cattle grazing during periods of drought in the 1800s and even up until the 1950s 
(Pickering & Butler 2009). Various other uses include tourism, hydro-electricity production 
and gold mining. A significant issue with introduced animals also exists with feral pigs, sheep, 












Figure 6. Context of the study area, showing Kosciuszko National Park and its location 
within New South Wales which lay within the Snowy Mountains region. The study area 
for each species; L. vulgare and H. aurantiacum is approximately highlighted (modified 
from McDougall et al. (2005).   
 
The sites surveyed were centred on two main locations in the Snowy Mountains region 
(Figure 6). The area between the townships of Khancoban and Cabramurra was sampled for 
H. aurantiacum. The area to the southeast of Tantangara Reservoir, north of Adaminaby, was 
sampled for L. vulgare. Both of these locations are within Kosciuszko National Park. 
 
2.1.1. Hieracium aurantiacum Sites 
The sampling areas of H. aurantiacum were located largely within the designated Jagungal 
Wilderness Area of Kosciuszko National Park (Figure 7). This wilderness area is renowned 
for its relatively undisturbed landscape, although periods of summer grazing have occurred in 
the past (NSW NPWS 2000). The area has a mixture of communities including sub-alpine 
frost hollows, forests and woodland. Invaded areas are generally associated with past 
disturbance such as those near Ogilvies Airstrip, which was utilised during the construction of 
the Snowy Hydro-Electric Scheme and had an associated township (Caldwell & Wright 
2011). The annual mean rainfall, as measured at the weather station in Khancoban is 
961.5mm annually (Bureau of Meteorology 2012). The study area included three separate 




Figure 7. The sampling sites of H. aurantiacum within Kosciuszko National Park, mostly 
limited to a small around between Khancoban and Cabramurra. The three sites 
sampled; Fifteen Mile Ridge, Farm Ridge and Round Mountain, are shown on this map 
with individual records. Other populations in the area are found east, south and west 
but are not represented on this map. Modified from (Caldwell & Wright 2011). 
 
 
The Round Mountain site (36º 06' 3809” 148º 37' 0304”) is an occurrence of H. aurantiacum 
accessed via Tooma Road and Round Mountain Trail, southeast of Round Mountain proper 
(Figure 9). Patches of H. aurantiacum are located in tussock grassland, upland sphagnum 
bogs and in the regenerating Snow Gum (Eucalyptus pauciflora) tree line. It was in the 
vicinity of this site where the initial incidence of H. aurantiacum was found in 2003, and the 
extent of invasion was recorded within an area 600mx400m (with a single outlier) after the 
2011 season (Caldwell & Wright 2011). The second site of Fifteen Mile Plain (36º 02' 6334”, 
148º 39' 4680”) is associated with an old powerline easement/Bicentennial National Trail and 
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was found during the 2010-2011 monitoring season (Caldwell & Wright 2011). The extent of 
H. aurantiacum is 1225 m x1200 m, found within the treeline and among areas of the 
endangered ecological community; ‘Alpine Sphagnum Bogs and Associated Fens’. Farm 
Ridge (36 º 063' 8090”, 148º40' 5666”) was also a newly located site (found during the 2010-
2011 season) where no control of H. aurantiacum had taken place and an infestation 
estimated at 329m2 existed (Caldwell & Wright 2011). These sites were selected on the basis 
that they were some of the more accessible locations of H. aurantiacum, and had not yet been 
eradicated by NSW National Park and Wildlife Service (NPWS) staff during the 2011-2012 
spring-summer growing season. 
 
2.1.2. Leucanthemum vulgare Sites 
The area to the southeast of Tantangara Reservoir was surveyed and sampled for the invasive 
species L. vulgare (Figure 8). Tantangara Reservoir, situated north of Adaminaby, is a dam on 
the Murrumbidgee River, constructed in 1960 as part of the Snowy Mountains Scheme and it 
lies within Kosciuszko National Park. It is an area of former grazing country and still exhibits 
signs of this disturbance as well as more recent use for electrical and service easements used 
by various agencies and individuals. Rainfall in the area is quite high at over 1500mm a year 
at the Currango Homestead gauge, with most falling between July and October. Vegetation in 
the area consists of a number of low-lying plains covered in grasslands, with some small 
wetland areas. These are surrounded by hills and ridges dominated by woodland, with 
Eucalyptus pauciflora among the dominant species (McDougall & Walsh 2002). 
 
Sampling locations were situated on the eastern side of Tantangara Reservoir along 
Tantangara Road and Pocket Saddle Road between Currango Homestead and Nungar Creek. 
They were found at the following locations; Tantangara Dam Trail, Kellys Creek and along an 
electricity easement, and will be referred to by these names from here on in (Figure 9). This 
area is known to NPWS as the Kelly's Plain Ox-eye Daisy containment area. The first site was 
located on Tantangara Dam Trail (35º82’5147”, 148º64’3559”), 100 m off Tantangara Road. 
Leucanthemum vulgare was found along the side of the track in an open area with an 
understorey of graminoid species and sparse shrubs. Leucanthemum vulgare was visible along 
a stretch of 50 m of trackside vegetation and was in flower with some individuals already 
seeding. A number of thistles (Cirsium vulgare) in flower were also noted at this location. The 
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site at Kelly’s Creek (35º82’3298”, 148º65’0215”) was located off the western side of 
Tantangara Road on both sides of the creek. The vegetation consisted of Black Sallee 
(Eucalyptus stellulata) forest with a grass understory, which was particularly dense flanking 
the creek.  L. vulgare was found growing between the road and Kellys Plain downstream. The 
third site was in proximity to an electricity easement (35º80’9583”, 148º64’9973”) that ran 
parallel to Tantangara Road. It consisted of a small clearing with scattered Eucalyptus trees, 
next to a low ridgeline and was located between the easement and Kellys Plain downslope. 
Herbs and grasses were prevalent in the understorey. Leucanthemum vulgare was mostly 









Figure 8. Sampling sites of L. vulgare in the Tantangara Reservoir area; electricity 
easement, Kellys Creek and Tantangara Dam Trail. Approximate location of each is 
shown with an orange marker. Map modified from NSW Atlas (2012). 
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Figure 9. Site photos of each of the sampling locations, where soil, seed and plant material was located. Hieracium aurantiacum (top, 
from left); A: Farm Ridge, B: Round Hill (J. Caldwell, 2012), C: Fifteen Mile Ridge. Leucanthemum vulgare (bottom, from left); D: 
Tantangara Dam Trail, E: Kelly’s Creek, F: Easement track. 
A B C 




2.2. Field Methods 
 
Soil samples of H. aurantiacum were collected from a patch from within each of the three 
discrete localities visited. In the case of L. vulgare collections were simply made from 
invaded areas at each of the sites visited.  The edge of a population was determined at the 
point where live plants of either species stopped and bare ground or other vegetation began. 
Hieracium aurantiacum samples were collected in January (23/01/2012 to 25/01/2012) and L. 
vulgare samples in February (15/02/2012 to 17/02/2012). Plants at sampling locations of both 
invasive species were in varying stages with some still flowering and others having just begun 
to lose their seeds. There was a large degree of variability between the sites, due to differences 
in topography, aspect, past usage and biological factors such as assemblage of flora and fauna. 
The sampling period for H. aurantiacum was required to precede the ongoing eradication of 
known populations by NPWS staff.  
 
To investigate the patterns of seed dispersal by these invasive species, soil samples were taken 
from within each invaded patch at a site/locality, as well as from two distances (1 and 5 m) 
away from the edge of invasion. These distances were termed within, near and away, 
respectively. Soil samples were taken from the top 20 mm of soil with a trowel. At each site, 
within each sampling area, 3 samples were taken from random areas within the plot, with 
each consisting of 5 clustered sub-samples. This resulted in a total of 9 samples for each site 
or locality. The location of each sample with each area was random. Sub-samples were 80 cm2 
x 2 cm deep and were extracted with litter included (Simpson et al. 1989). Area was measured 
to allow later extrapolation of density to seeds per square metre. Twenty-seven samples were 
collected for L. vulgare but only 24 replicates were collected for H. aurantiacum. A replicate 
from each of the plots at Round Mountain (within, near and away) was missed due to time 
restraints during sampling.  Sub-samples were bulked together and were stored away from 
direct sunlight and transferred to glasshouses within three weeks of field collection.  
 
Seeds of the invasive species were collected from sites concurrently with the soil samples. 
Mature seed heads of plants were randomly picked and placed into marked paper bags, before 
being further cleaned and sorted. Additional seed material of H. aurantiacum was supplied by 




lab by sowing seeds in sealed petri dishes on filter paper moistened with distilled water. The 
dishes were kept on a bench in a warm lab (18-25 °C) out of direct sunlight.  
 
Mature specimens of each invasive species were also required to undertake trials investigating 
potential allelopathic effects on co-occurring native species. Plants were selected on the basis 
of manageable size, apparent good health and ease of collection. A small root ball for each 
plant was excised and transferred to a plastic bag for potting-on at the Ecological Research 
Centre at the University of Wollongong into a 1:1 sand and potting mixture. 
 
2.3. Competition Experiment 
 
The potential competitive effects of H. aurantiacum and L. vulgare were investigated on two 
model native species, Craspedia lamicola and Brachyscome spathulata (Family: Asteraceae) 
using glasshouse growth trials. These two native herb species were chosen because they 
occurred in alpine regions, germinated easily and exhibited no dormancy mechanisms (A. 
Nicotra pers comm). The seeds of these native plants were sourced from private seed 
suppliers and botanic garden seed banks. The seed material used for both invasive species was 
sourced from populations in the field as described in the field methods. 
 
The seeds of the two invasive and two native species were sown in large quantities into 
seedling trays to provide adequate replicates. Seed was sowed onto the surface of a bed of 
river sand in standard seedling trays and watered three times daily in a glasshouse. Seedlings 
were transplanted into competition treatments (4 L pots) once the first two adult leaves had 
grown. Plants were potted into river sand (for easier later measurement of biomass) with 
nutrients added; 3 g +/- 0.1 g Native Osmocote™ /4 L pot (Scotts Australia Pty Ltd, 
Baulkham Hills, NSW, Australia). The amount of fertiliser used was calculated to provide 
limited nutrients for growth. A level of 0.05% nitrogen content was used, based upon the 
levels of nutrients found in another study where low levels were measured in dune sands 
(Lindsay & French 2005). Seedling mortality in the initial 3-week period was assumed to be 
from transplant shock or other factors unrelated to competition, and so these seedlings were 
replaced by seedlings of equivalent size. Subsequent mortality was then recorded and the data 





The combination of each weed and native species followed a factorial design where each 
native species was grown by itself, in intraspecific competition (i.e. grown in competition 
with another individual of the same species) and interspecifically (i.e. grown with the other 
native species or an invasive plant, either H. aurantiacum or L. vulgare) (Table 1). Each 
invasive species was also grown by itself and with a conspecific to test for competition 
(French 2012). The invasive species were not grown in interspecific competition with each 
other, as the focus was principally on the impacts of invasive species on native species. There 
were six replicates of each treatment leading to a total of 78 pots. The trial was initially 
conducted within greenhouse conditions until plants had established before being transferred 
outdoors to partial shade. The sizes of plants were measured at monthly intervals to 
investigate relative growth rates. After 16 weeks of growing in competition, and with roots 
beginning to protrude from the base of the pots, plants were removed from the growing 
medium. Sand was washed off the roots and the above (i.e. shoots) and below ground (i.e. 
roots) sections of each plant was separated. These were then dried for at least 72 hours at 
60°C and dried to constant weight. The dried plant material (biomass) was then weighed.  
Table 1. Factorial design of the competition experiment indicating the different 
combinations of native and introduced species. Each combination included 6 replicates, 
with the alone treatment indicating normal resource use efficiency when not competing. 
 
1. H. aurantiacum and C. lamicola 
2. H. aurantiacum and B. spathulata 
3. H. aurantiacum and H. aurantiacum 
4. L. vulgare and C. lamicola 
5. L. vulgare and B. spathulata 
6. L. vulgare and L. vulgare 
7. C. lamicola and C. lamicola 
8. B. spathulata and B. spathulata 
9. C. lamicola and B. spathulata 
10. C. lamicola alone 
11. B. spathulata alone 
12. H. aurantiacum alone 




2.4. Investigation of Soil Seed Bank Characteristics 
 
The spatial distribution and abundance of both native and introduced plant germinants was 
determined using the seed emergence technique (Simpson et al. 1989; Gross 1990) rather than 
direct counting of seeds. This method provides an estimate of the seeds present in the soil 
sample, based on the germination of seeds under the provided conditions (Fenner & 
Thompson 2005). This method is often preferred simply due to the ease in which it can be 
used, compared to direct counting. The difficulty of using this method, with H. aurantiacum 
in particular, is discussed in Bear (2011).  
 
The soil samples (3 for each treatment from each site) were collected using the methodology 
described in the field methods. Each soil sample was distributed over 51 seedling propagation 
trays (340 mm x 290 mm). Each tray had a river sand base which was covered with the 
sample soil to a depth of approximately 5 mm. Trays were placed in glasshouses and were re-
randomised monthly to address potential locational effects within the glasshouses. Trays were 
watered twice daily by an automated overhead sprinkler system. Seedling emergence was 
monitored weekly until the experiment was terminated after 24 weeks. Distinctive species 
were potted on to remove crowding in the trays and to encourage further growth to flowering 
and seeding stage to allow positive identification. Specimens were identified with the aid of 
the Janet Cosh Herbarium. Care was taken to ensure that plants were true seedlings and not 
regenerating from remnant plant material. This was especially relevant for H. aurantiacum 
which is documented to grow from small root fragments (Rinella & Sheley 2002; Williams et 
al. 2007). The soil samples were periodically tilled to increase the chance of other seeds 
germinating by bringing buried seeds to the surface. Duplicate seedlings were removed from 
trays after counting. Control trays composed of river sand were placed within the glasshouses 
to detect contaminants, which were not included in the analyses.  
 
2.5. Allelopathy Trials 
 
The impact of potential allelopathic compounds of H. aurantiacum and L. vulgare on the 
growth of Australian native species was investigated using a drainage water experiment. 
Established specimens of both invasive species were collected from the field and grown for 




and Xerochrysum bracteatum (Family: Asteraceae) were grown from seed and watered 
initially with an overhead sprinkler system until transplanted into individual pots. Potted 
replicate plants were then watered with one of four treatments: i) drainage water collected 
from pots in which L. vulgare was growing (i.e. allelopathy treatment), ii) drainage water 
collected from pots in which H. aurantiacum was growing (i.e. allelopathy treatment), iii) 
drainage water collected from potting mix (i.e. operational control) and iv) tap water which 
had not been leached through soil. Drainage water was transferred to watering cans to allow 
controlled watering, which was adjusted with the intention of maintaining adequate soil 
moisture. The design was balanced with ten replicate seedlings of each native species, and ten 
of both the control and operational control. Overall there were 40 pots of each native species. 
The trial was conducted within a glasshouse to prevent atmospheric precipitation from 
contaminating the experimental watering treatments. The height and width of plants was 
recorded at monthly intervals. The experiment ran for 16 weeks with final biomass of plants 
recorded by drying all sections of the plant at 60°C for at least 72 hours. 
 
2.6. Statistical Analysis 
 
Total species richness of the seed bank and the abundance of germinants of each invasive 
species, was compared with distance from the invasion using a two‐way analyses of variance 
(ANOVA) with site and distance as main effects. Data was tested to ensure normality using 
the Sharpiro-Wilk W test and a square root transformation was used to normalise data if 
needed. Significant differences between means were determined using a Tukey’s HSD test or 
a Student’s t when classes had unequal sample sizes. Site was included as a fixed factor to 
include differences that may have existed between them. Species richness of specific native 
and introduced species was also compared using ANOVA. In the case of non-normal data 
sets, the non-parametric Kruskal-Wallis test was utilised to analyse whether differences 
existed between levels. If significant the Wilcoxon test was then used on pair wise 
comparisons to determine where the difference lay. Statistical analysis was conducted using 






Multivariate analysis (PERMANOVA, PRIMER 6) was utilised to compare differences in 
seed bank composition, following on from the discussion in Gioria & Osborne (2009). This 
provides an ability to see which species are contributing most to the dissimilarity in the model 
and potentially which, if any, species are most at risk from the presence of invasive plants. 
Similarity percentage analysis (SIMPER) allows a quantification of the contribution of 
individual species to differences between groups or treatments. Initial PERMANOVA and 
SIMPER analysis focused on counts of each species in replicates on a distance treatment basis 
and was preformed both with and without the invader included in the seed bank data. Data 
analysis also looked at presence-absence data to investigate data unweighted by abundance, 
which may highlight rare species affected by invasion. Subsequent analysis (PERMDISP) 
examined the data without the invasive species and was used to test whether the composition 
was more homogeneous in invaded areas than in those further away.   
 
Resource use efficiency was compared between species by analysing the biomass of each 
species when grown alone under the same conditions. Rosette size of solitary-grown plant 
was also used as a measure of resource use. Analysis of the competition and allelopathy trials 
used single factor analyses of variance (ANOVAs). For the competition trial, the effect of 
competition on root and shoot dry weight was analysed separately looking at differences in 
biomass of the plant growing alone, with a conspecific and with another species. The 
root:shoot ratio compared the relationship between above and below ground biomass and the 
analysis compared the control plants growing on their own to those in competition. For the 
















3.1. Competition  
3.1.1. Resource Use Efficiency  
Root biomass of L. vulgare when grown on its own was significantly greater than H. 
aurantiacum and the native species under the same conditions (Table 2; Figure 10). In this 
same analysis, the root biomass of H. aurantiacum and the 2 native species were not 
considered different to one another. L. vulgare leaf biomass was the largest of the plants 
measured; it was significantly higher than natives but similar to H. aurantiacum, which in 
turn had similar leaf biomass to the native species according to post-hoc tests (Table 2; Figure 
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Figure 10. Resource use efficiency of the species tested, indicated by final biomass of 
individually grown plants (n=6). Data is mean root or shoot biomass +/-SE. Significant 
differences in a comparison are indicated with a different letter.  
 
3.1.2. Rosette Width 
Leucanthemum vulgare had the largest rosette size throughout the growth trial (Figure 11). 
The size of rosette in the control plants (those growing alone) varied significantly, with L. 
vulgare rosette width larger than B. spathulata but all the other species comparisons being 
































Figure 11. Rosette width of solitary grown plant of each species, from commencement to 




3.1.3. H. aurantiacum Biomass and its Impact on Native Biomass 
Root and shoot biomass of H. aurantiacum did not differ between treatments (control, 
interspecific and conspecific competition, Table 2; Figure 12). Biomass of both roots and 
shoots was generally about 50% less however when grown with a conspecific or with B. 
spathulata. The leaf biomass of C. lamicola was the only variable significantly impacted by 
H. aurantiacum, resulting in leaf biomass which was 50% lower than when grown alone or 
with a conspecific (Table 2; Figure 12). The root biomass of C. lamicola, however did not 
differ between treatments. The biomass of H. aurantiacum growing intraspecifically was not 
noted to be different to that when grown alone, indicating a lack of impact from competition. 
B. spathulata root and shoot biomass was unaffected by the presence of H. aurantiacum in 







3.1.4. L. vulgare Biomass and its Impact on Native Biomass 
The root and shoot biomass of L. vulgare was not significantly different with treatment, 
indicating that it is unaffected by competition. Shoot biomass of C. lamicola seedlings was 
smaller when grown with L. vulgare seedlings, than when grown with a conspecific (density 
control) or alone, however biomass of C. lamicola was not affected. (Table 2; Figure 12). The 
biomass of B. spathulata roots and shoots did not vary significantly with treatment (Table 2; 
Figure 12) 
 
Table 2. ANOVA results for comparisons of root and shoot biomass of native and 
invasive species. The probability that species grow differently from the control when in 
another combination (conspecific or interspecific competition) is shown. Comparisons 
indicates the direction of response i.e. in which treatment growth was highest, as 
indicated from stable biomass.  
 








 Shoot F2,17=5.2904, 
P=0.0183 
Leucanthemum=Hieracium. Hieracium= 
Brachyscome, Craspedia. Leucanthemum> 
Brachyscome, Craspedia 
 
Craspedia Root (F2,11= 2.658, 
P=0.1238) 
  





Brachyscome Root F4,24=0.4144, 
P=0.7962 
  
 Shoot F4,24=0.5501, 
P=0.7001 
  
Hieracium Root F3,23=1.2443, 
P=0.3201 
 
 Shoot F3,23=1.11, 
P=0.3680 
 
Leucanthemum Root F3,15=0.8828, 
P=0.4775 
 






































































































































Figure 12. Effects on competition on native; C. lamicola, B. spathulata and invasive; H. 
aurantiacum, L. vulgare species, as indicated by final stable biomass. Data is mean 
biomass +/-SE. Significant differences in a comparison are indicated with a different 
letter. Comparisons can also be read vertically to compare impacts of a treatment (e.g. 




3.1.5. Root:shoot Ratio 
Root biomass was consistently higher than shoot biomass across all the species and although 
no significant differences in root:shoot ratio were found, a number of trends were apparent. 
The root:shoot ratio of H. aurantiacum tended to increase when grown intraspecifically or 
with C. lamicola, but a decrease when grown with B. spathulata. Root:shoot ratio of L. 
vulgare was lowest when in intraspecific competition with another individual. The root:shoot 
ratio of the native species C. lamicola and B. spathulata, tended to increase when grown with 
either H. aurantiacum or L. vulgare, due to an increase in the proportion of biomass 
composed of root biomass, even when the overall biomass decreased. Average root:shoot 
ratio of C. lamicola decrased when grown with B. spathulata. 
 
Table 3. Average values and ANOVA results for the comparison of root:shoot ratio 
amongst the native and invasive species tested. Mean values include all control, 
intraspecific and interspecific competition treatments. Data includes +/- S.D. P is the 
probability that root:shoot ratio is different from the control when in another 














(Hier.)=1.250 +/- 0.500 










(Hier.)=3.306 +/- 2.800 
(Leuc.)=2.867 +/- 3.101 
(Brach.)= 0.311+/- 0.224 
F4,24=1.3800, 
P=0.2764 
Leucanthemum 1.930 +/-  
0.777 
1.042 +/-  
0.169 




Hieracium 1.794 +/- 
1.152 
3.140 +/-  
4.707 
(Cras.)=2.219 +/- 0.727 






3.2. Soil Seed Bank Characteristics 
3.2.1. Abundance of H. aurantiacum 
Hieracium aurantiacum seedlings were detected in 75% of samples within the invaded areas, 
50% of samples taken from near invasion but in just over 10% of samples 5m away from the 
invasion front. Seedling abundance data was highly non-normal, due to the lack of H. 
aurantiacum seedlings in many samples, which prevented conventional parametric analysis. 
Using the Kruskal-Wallis test, a difference in the abundance of H. aurantiacum seedlings 
with distance was found (χ²2, 23=8.1805, P=0.0167, Figure 13). There was a significantly 
increased likelihood of finding H. aurantiacum seeds within invaded areas when compared to 
























Figure 13. Abundance of H. aurantiacum germinants with distance from invasion (from 
left); within (among live plants), near (1m from invaded area) and away (5m from 






3.2.2. Impact of H. aurantiacum on Soil Seed Banks 
Overall, 28 plant species (including native and introduced species) of 22 genera and 15 
families, were found in the germinable soil seed bank (Table 3). Three additional species were 
found in the control trays, and as such were deemed to be contaminants and were not included 
in the data. Twelve of the 28 species could be identified to species level, with the remainder 
identified to genus or family level, with the exception of one plant. Lack of diagnostic 
features prevented the identification of many plants, in which case seedlings were identified 
by generic names given sequentially from their appearance in the seedling trays. Twenty-three 
species were native in origin and five were introduced species. The majority of species 
identified were herb (21) or graminoid (5) species, with only Cassinia (a small shrub) and an 
unidentified plant, otherwise identified. Twenty-three species were recorded within the 
invasion, 18 species in areas near invasion and 16 species in areas away from invasion.  
Table 4: Plant species recorded from the seed bank of areas invaded by Hieracium 
aurantiacum. Presence in plots is indicated by an x and introduced species are marked 
with an *. 
Species     Within  Near  Away    
Acaena novae-zelandiae  X  X 
Acetosella vulgaris*   X  X  X 
Oreomyrrhis eriopoda   X    X 
Asteraceae sp. 1       X 
Asteraceae sp. 2   X 
Brachyscome spathulata      X 
Brassicaciae sp.   X 
Cardamine paucijuga     X  X 
Carex sp.     X  X  X 
Cassinia sp.    X    X 
Cheilanthus sp.    X  X  X 
Echium sp.*    X 
Euchition sp. 1    X    X 
Euchition sp. 2    X  X  X 
Galium sp.     X  X 
Geranium potentilloides  X  X 
Hieracium aurantiacum*  X  X  X 
Hydrocotyle peduncularis  X 
Hypochaeris radicata*     X  X 
Isolepis inundata     X 
Luzula sp.     X  X  X 
Oxalis perennans   X  X  X   
Poa sp.     X  X  X 
Poaceae sp.    X  X  X 
Pratia pedunculata   X  X  X 
Sonchus sp.*    X 
Viola betonicifolia    X  X  X 
Native plant sp.    X  X      




Total species richness of both native and introduced species, of the germinable seed bank, 
varied significantly with distance from invasion front (F2, 23 =4.748, P=0.025). The highest 
mean species richness was found within the invaded areas and was significantly different 
from the species richness in areas near or away from invasions (Figure 14). 
 
Figure 14. Mean species richness in H. aurantiacum invaded areas with distance from 
invasion front; within, near (within 1m) and away (5m from invaded area). Counts are 
per tray and error bars show +/- SE, n=8. Letters denote significant differences. 
 
For introduced species richness, there was no significant difference with distance from 
invasion, but species richness varied with site (F2, 17=3.7719, P=0.047). It was higher at Farm 
Ridge than either Round Mountain of Fifteen Mile Ridge (Figure 15). Native species richness 
was not related to site or distance from invasion, or an interaction. (F2, 17=1.2754, P=0.3603). 
 
Figure 15. Species richness of introduced plants at different sampling locations of H. 
aurantiacum. Data is mean number of species per tray +/- SE (n=8). Significant 





Seed bank communities invaded by H. aurantiacum (i.e. within the invasion front) were 
significantly different from those near or away from the invasion front (pseudo-F=1.64, 
P=0.02). Hieracium aurantiacum seed was the strongest contributor (approx. 30%; Appendix 
1) to the dissimilarities between invaded and less invaded (i.e. near and away categories) 
communities. When H. aurantiacum seed was removed from the analysis, no significant 
compositional differences between invasion categories were found (pseudo-F=1.24, P=0.2), 
nor evidence for changes in homogenisation within the seed bank as a result of invasion by H. 




Figure 16. MDS comparison of total species composition of H. aurantiacum sampling 
sites: within (w) invaded areas, near (n) invaded areas and away (a) from such areas. 
Points indicate species richness from replicate soil samples. Clustered points indicate 











3.2.3. Abundance of L. vulgare 
The number of L. vulgare seedlings germinating from soil samples varied significantly with 
distance (F2, 26 =3.618, P=0.0478). The abundance within invasions was significantly greater 
than near and away from invasion (Figure 16). Seedling presence in areas away from invasion 
was not significantly different to areas nearer to the invasion however, which was unexpected 
for this species as it lacks dispersal adaptations.  
 
 
Figure 17. Abundance of L. vulgare germinants with distance from invasion. Data is 
mean number of germinants per m2+/-SE (n=9). Letters denote significant differences.  
 
 
3.2.4. Impact of L. vulgare on Soil Seed Banks 
The seed bank of the area invaded by L. vulgare was more floristically diverse than that of the 
H. aurantiacum. Forty-nine separate plant species were found, with fourteen identified to 
species level and another 17 plants to genus or family level (Table 5).  These belonged to 23 
genera of 17 families. Eighteen other species could not identified be positively identified and, 
whilst used in calculating total species richness, were not utilised in analysing separate 
introduced or native species richness. Twenty-three were identified as native, 9 as introduced. 
Graminoid species were well represented (22 species), as were herbs (26), as well as a small 
Myrtaceae. Four additional species germinated in the control trays and were removed from 




Table 5. Plant species recorded from the seed bank of areas invaded by L. vulgare. Their 
presence in plots is indicated by an x and introduced species are marked with an *.  
Species     Within  Near  Away    
Acaena novae-zelandiae   X 
Acetosella vulgaris*   X  X  X 
Asteraceae sp. 2      X 
Asteraceae sp. 3    X  X  X 
Asteraceae sp. 4    X  X  X 
Apiaceae sp .        X 
Carex sp. 1    X  X  X 
Cirsium vulgare      X 
Cyperaceae sp.      X  X    
Echium     X  X  X 
Euchition sp. 1    X  X  X 
Euchition sp. 2      X 
Geranium potentilloides   X    X 
Gonocarpus micranthus     X  X 
Hydrocotyle peduncularis  X    X 
Hypericum gramineum   X  X  X 
Hypochaeris radicata*     X  X 
Introduced sp.     X  X  X 
Introduced grass sp*   X  X 
Juncus sp. 1    X  X 
Juncus sp. 2    X  X  X 
Leucanthemum vulgare*   X  X  X 
Luzula sp.    X  X  X 
Oreomyrrhis eriopoda       X 
Myrtaceae        X 
Native Poaceae sp.       X 
Native sp. 1    X  X  X 
Native sp. 2      X    X 
Native sp. 3        X 
Oxalis perennans   X  X 
Pennisetum clandestinum*      X 
Poa sp. 1    X  X  X 
Pratia pendunculata       X 
Senecio madagascariensis*    X 
Taraxacum officinale*       X 
Trifolium repens*   X  X  X    
The following were found in the control trays: Cardamine sp., Chamaesyce prostrate, Conyza bonariensis, Digitaria sp. 
 
 
L. vulgare was recorded in 78% of the total samples collected and there was no difference in 
species richness with distance (F2,26=1.5491 p=0.2092). Separate analysis of native and 
introduced species richness did not find any significant differences with distance, although 
introduced species richness differed with site (F2,26=4.2549 p=0.0262). Higher introduced 
species richness was found at Kellys Creek than at either of the other sites sampled (Figure 
18). The presence of some introduced species was noteworthy, including Cirsium vulgare and 







Figure 18. Species richness of introduced plants at different sampling locations. Data is 





Seed bank composition varied significantly with L. vulgare invasion (pseudo F=2.2045, P = 
0.007). As with H. aurantiacum, the presence of L. vulgare seed was the strongest contributor 
(up to 50%, Appendix 1) to community differentiation; however, community differences were 
retained even after L. vulgare seed was excluded from the analysis (F=1.7596, P=0.005). The 
significant compositional differences were found between invaded areas and both near and 
away areas, with no difference between near and away areas. ‘Euchition/Gnaphalium sp 1’ 
was a strong contributor to these differences having an average abundance three times as great 
in near invasion areas when compared to invaded areas (Appendix 1). ‘Carex sp.’ and ‘Poa sp 
1’ were also strong contributors with average abundance higher within invaded areas than in 
away areas. Despite differences there was no evidence of homogenisation of the seed bank 












Figure 19. MDS comparison of total species composition of L. vulgare sampling sites; 
within (w) invaded areas, near (n) invaded areas and away (a) from such areas. Points 
indicate species richness from replicate soil samples. Clustered points indicate similar 



















The overall biomass of both native species proved to be quite low in this experiment across all 
treatments (Figure 18, 19). Both X. bracteatum and C. lamicola displayed no significant 
difference in biomass with treatment (F3, 35=1.3113, p=0.2878; F3,35=1.0630, p=0.3785 
respectively). There was no noticeable impact of allelopathic compounds on the growth of the 
native species tested.   
 
Figure 20. Mean biomass of C. lamicola with varying water regimes. Drainage water 
from H. aurantiacum, L. vulgare, drainage water from soil (potting mix) and a control 
were utilised. Data are means +/-SE, (n=10). 
 
 
Figure 21. Mean biomass of X. bracteatum with varying water regimes. Drainage water 
from H. aurantiacum, L. vulgare, drainage water from soil (potting mix) and a control 







Leucanthemum vulgare was a strong competitor, compared to Hieracium aurantiacum. 
Leucanthemum vulgare was able to increase both root and shoot biomass to a greater extent 
than the two native species and H. aurantiacum under the same conditions, which highlights 
its efficiency in using available nutrients for relatively higher growth. Additionally L. vulgare 
was not significantly affected by interspecific competition with either B. spathulata or C. 
lamicola or intraspecific competition with itself. It did, however, negatively impact the shoot 
growth of C. lamicola, which had biomass that was at least 50% lower when grown with L. 
vulgare. Interestingly root biomass was not as negatively affected. Like other invasive species 
such as bitou (Chrysanthemoides monilifera ssp. rotundata; Mason et al. 2012, French 2012), 
this species may successfully compete with native seedlings for limited resources and may 
invade previously undisturbed areas.  
 
Previous work on L. vulgare, however, has found it is not always competitive when grown 
with other plants, particularly grasses. In an experiment with meadow bromegrass (Bromus 
riparius), L. vulgare plants grown in competition were one-tenth the volume of single spaced 
plants (Clements et al. 2004). Nutrient level could be contributing factor in this instance as 
competition varies with available resources and L. vulgare is suspected to be at a competitive 
disadvantage at higher nutrient levels (Olson & Wallander 1999). Spearman et al. (2000), 
additionally found that both seedling and plant densities of this species decrease over growing 
seasons in a maturing meadow environment. These findings indicate that L. vulgare impacts 
in a way that may vary with species interaction, nutrient level and also the period of duration 
of competition. The negative impact on the growth of a native herb in the trials cannot be 
ignored as L. vulgare is currently increasing in areas such as Nungar Plain in Kosciusko 
National Park, where a number of rare and threatened herbs grow (Benson 2012). 
 
Hieracium aurantiacum was less competitive. The resource use efficiency of H. aurantiacum 
did not match that of L. vulgare, both its root and shoot biomass were not significantly 
different to either native species. Root and shoot biomass of H. aurantiacum was unaffected 
by intraspecific and interspecific competition when compared to its solitary growth, indicating 




resource use efficiency, H. aurantiacum still influenced the growth of native species. The 
shoot biomass of C. lamicola was negatively impacted by the presence of H. aurantiacum.  
 
The competitive ability of Hieracium species is suggested to be limited, according to 
Treskonova (1991) and Rose et al. (1998). Treskonova (1991) contended that invasion by 
Hieracium is a “symptom of degradation”, establishing where burning and overgrazing have 
created available niches. This was first discussed in relation to New Zealand and similarities 
in historical, burning and grazing exist between the tussock grassland invaded in New 
Zealand and the alpine ecosystems here in Australia. Conversely, Scott (1984) suggested that 
Hieracium species are aggressive invaders which are ideally suited to the tussock grassland 
environment, excluding other species, and are themselves a direct cause of grassland 
degradation. The findings in this thesis and the fact that H. aurantiacum was only noticed 
after the 2003 bushfires had burnt through large areas of Kosciuszko National Park, might 
indicate that the reality is a hybrid of both of these theories.  
 
Competition with L. vulgare and H. aurantiacum negatively impact the shoot growth of C. 
lamicola but not that of its root biomass. This difference may be due to light competition by 
the larger leaves and rosette width of the invaders limiting shoot growth. Additionally C. 
lamicola may have preferentially redirected energy to below ground where competition was 
higher. This is not entirely unexpected as plants have a degree of plasticity in their organs. 
Plants allocating resources to leaves in nutrient rich environments have been discussed 
(Tilman 1988) as has a higher proportion being allocated to root growth in nutrient limited 
environments (Chapin et al. 1987). Confirmation of sorts can be found by examining the 
root:shoot ratio which often increases following stress from competition (Gedroc et al. 1996). 
An increase was found (although not significant), as whilst both root and shoot (and hence 
total) biomass decreased with competition, proportionally root biomass decreased less. The 
growth trial utilised sand with a limited amount of fertiliser, and so competition for soil 
nutrients would have been important, although finite space would have also played a part.  
 
The other native species, B. spathulata, did not exhibit impacts of competition and had 
biomass the lowest of all the species. Interestingly though, the measured rosette size of B. 
spathulata was not significantly different to both H. aurantiacum and C. lamicola when alive 




simple heterogeneity of effect of the presence of invasive species with impacts on native 
species likely to vary.  
 
The difference in the growth of H. aurantiacum and L. vulgare suggests that each species may 
utilise a different competitive mechanism. Leucanthemum vulgare’s quick development and 
large shoot growth suggests it is competitive above. In contrast, Hieracium aurantiacum may 
rely more on below ground competition due to its fibrous underground roots and stoloniferous 
growth. This may support future studies maintaining competition over longer periods to 
investigate the advantages of stoloniferous growth. 
 
4.2. Soil Seed Bank  
 
A large number of species, native and introduced germinated from the collected soil seed 
bank. The numbers of species may have been an underestimate however as variability in 
dormancy (Fenner & Thompson 2005) and cues related to light, temperature, oxygen 
availability and soil properties are likely to have influenced the germination of some species. 
Particular treatments (heat or smoke) are often needed to induce germination in some species, 
but were not included in this trial.  
 
A number of other introduced species were noted in the seed bank in invaded areas. Many 
were widespread generalist species such as Acetosella vulgaris, Taraxacum officinale, 
Trifolium repens and Hypochaeris radicata. These species, and others such as Cardamine sp. 
and Cirsium vulgare, produce seeds that are small and wind dispersed and can remain viable 
for extended periods (Weber 2003; Grime et al. 2007) Control of these species is thus 
considered unrealistic (McDougall et al. 2005), with some of them considered part of an 
international ‘trampling flora’ (Liddle 1997) which are often found around tracks and roads in 
Europe, North America and South America. In other habitats such as forest it is likely these 
species would be less prolific, being quickly diminished due to out-shading and natural 
regeneration (Appleby 1998), but probably feature more often in subalpine systems, 
particularly when disturbance exists. A number of more serious weeds, and others which 





4.2.1. Hieracium aurantiacum 
 
A seed bank for H. aurantiacum was detected but could best be described as transient and 
irregular. Abundance in the soil ranged from 5.81 to 335 seeds/m2. The high abundance at 
Farm Ridge could be associated with larger numbers of adult plants (the infestation was 
estimated at 329 m2 during the 2010-2011 season) and sampling was undertaken during the 
fruiting season as fresh seed was falling. The lower numbers from the other sites reflect the 
lower abundance of adult plants and could provide evidence for a transient or short-term seed 
bank. At Fifteen Mile Ridge, seeding was only just commencing and so soil samples were 
principally finding seeds of the previous growing seasons. The continued management of this 
species could also explain the low numbers of seeds with flowering plants targeted for 
eradication in previous seasons. Generally, Hieracium seed banks are not noted as being 
persistent (Milberg & Hansson 1994), with many classifying them transient or short-term 
persistent (Thompson et al. 1997). Transient seed banks are those that persist in the soil for 
less than a year whilst short-term seed banks may exist up to five years. In a recent study, 
Bear (2011) failed to detect any soil seed bank for H. aurantiacum at a number of sites in 
Victoria and suggest that little seed enters the long-term seed bank (Bear et al. 2012). The 
seeds of H. aurantiacum did show a degree of longevity in this study as minimal germination 
was still occurring 24 weeks after the start of the trial. Most species in the Pilosella group of 
Hieracium do not rely on seed as a major reproductive tactic (Wilson 2006) and the seeds of 
this species often do not often persist due to germination, decay and predation (Penebianco & 
Willemsen 1976). The collection of soil samples with some seeding occurring is a factor that 
undoubtedly boosted the probability of seeds being present and viable on the soil surface at 
these sites. Future sampling should occur after seeding to estimate total yield and provide a 
useful indicator of spread potential of populations.   
 
Few germinants of H. aurantiacum were found away from invaded areas (5 m from invasion). 
This was unexpected as this species is adapted for wind dispersal. Furthermore, the number of 
seeds involved at this distance was less than that found for L. vulgare, a species without 
pappus for wind dispersal.  It has been reported elsewhere however, that the majority of seeds 
are deposited within 2m of the parent plant or patch (Stergios 1976). Even so, long-distance 
wind dispersal seems to be playing a role in the expansion of H. aurantiacum in Kosciusko 




having been detected in the areas between them, despite intensive ground and air searches 
(Caldwell personal communication 2012). Undetected populations between current invasions 
may exist which could have aided in dispersal, although irregular long-distance wind 
dispersal seems just as plausible. This highlights a difficulty in attempting to control this 
species and a need for vigilance in continuing to search for new small populations.  
 
Invasion by H. aurantiacum does not appear to be negatively impacting the seed bank, at least 
at this present time. The only significant difference in the composition of the seed bank was 
of higher species richness within areas of invasion; initially counter intuitive if the invasive 
species was having a negative impact. Species richness may decrease with more time, as the 
legacy effect of invasive species impacting native species richness in the seed bank is most 
apparent over longer periods (Vilà & Gimeno 2007). During this period the transient seed 
bank subsides and the input the standing vegetation decreases. The invasion of H. 
aurantiacum is quite recent, perhaps linked to the recent 2003 fires in Kosciuszko National 
Park. Specifically, the sites sampled were first noted in 2003 (Round Mountain) and in the 
2010-2011 season (Fifteen Mile Ridge and Farm Ridge) and this may be insufficient time for 
negative impacts to be apparent. Many native plants are dispersal limited and so can soon 
become uncommon in the seed bank if invasions become so large that dispersal of seed 
material becomes limited (French et al. 2010). Fortunately most of the invasions of H. 
aurantiacum are small in scale due to control efforts or are otherwise in the early stages of 
invasion, and so this factor is less important. The lack of negative impact on the species 
richness is important as it highlights that control efforts at this stage could be quite effective, 
with areas still having a store of seeds to regenerate. 
 
The higher species richness within the area of invasion may indicate other processes at work. 
The presence of H. aurantiacum as a dominant, mat forming species could be preventing 
seedling emergence in the field, a similar scenario to that described by Vilà & Gimeno 
(2007). When conditions became optimum, such as within the lab, the full suite of seeds 
germinated. H. aurantiacum did not appear to facilitate the entry of introduced species alone 
as there was no difference in introduced species richness with invasion or proximity to it. 
Introduced species richness did vary between sites with Farm Ridge having significantly more 
species, although this sort of variability was expected due to site selection which was based 




species richness have been discussed in a number of studies with a general finding that areas 
suitable for native species establishment may also suit introduced species (Levine & 
D’Antonio 1999). This suitability of an area could be related to disturbance and available 
areas in which to establish. Future study of the standing vegetation in areas of invasion, to 
find out if those species present in the seed bank area also established, could clarify this. 
Interestingly multivariate analysis indicated that H. aurantiacum itself was most responsible 
for much of the difference between the invaded and uninvaded areas of the soil seed banks.  
 
4.2.2. Leucanthemum vulgare  
 
Previous studies have found this species to be quite restricted in its dispersal capabilities 
(Coulson et al. 2001) but my results found significant numbers of germinants up to 5m away 
from invasion fronts, despite this species not being wind-dispersed. The rapid spread of this 
species in North America was partly attributed to the role of water (Howarth & Williams 
1968), which may be occurring in my study area as some sites were associated with drainage 
channels. The role of the short–medium term seed bank i.e. seed material from previous 
seasons was unknown and could have potentially contributed to some of the germinated seed. 
The seed of this species may live for decades if conditions are not conducive to germination 
(Toole & Brown 1946). In the trial germination was still being detected after 24 weeks, 
although rates were much diminished. Furthermore the presence of dead or dying plants at 
sites suggested that the local spatial distribution is somewhat dynamic with the ‘invasion 
front’ diffuse and the possibility that areas thought to be away from invasion were in fact 
historically not. Additionally, the sites were in areas of known disturbance where weed 
spraying and slashing had occurred previously.  
 
Leucanthemum vulgare was overwhelmingly the most common species in the soil seed bank 
and the seed longevity highlights the potential that it has in becoming a more serious weed. 
There is a significant need to focus control attempts on this species. A European study of L. 
vulgare noted the highly productive and also highly variable seed density (seed per metre 






There were no significant differences in species richness of the seed bank with distance from 
invasion. Introduced species, whilst not especially found within areas of invasion, featured far 
more in the soil seed bank of L. vulgare than in the seed bank of H. aurantiacum. This is most 
likely a consequence of the past uses of the areas sampled and the continuing low-grade 
disturbance. The Tantangara area has a mosaic of uses in the past such as grazing, and 
present, with a Snowy Hydro-electric scheme dam in the area and electricity contractors 
maintaining transmission lines. A number of roads are also in the area and feral horses were 
noted on a number of occasions. The introduced plant species are most likely taking 
advantage of this disturbance in a similar manner to L. vulgare although there is nothing to 
suggest that L. vulgare is facilitating further invasion as a similar richness of introduced 
species were found within and away from invasion. Weed control efforts on this species may 
allow these introduced plants and other secondary weeds to increase in number, which may 
cause further disturbance (Mason et al. 2007; Blanchard & Holmes 2008). Regeneration post-
control may then be slow and reinvasion a possibility (Zavaleta et al. 2001).  
 
Compositional analysis of the seed bank of L. vulgare found significant differences in the 
invaded seed bank, which was an interesting contrast to the results of the univariate analysis 
where no differences in richness were apparent. These differences remained, even after 
exclusion of the invader, mainly due to the differences in average abundance of a few species 
between treatments. The species involved, Poa sp, Carex sp. and ‘Euchiton sp. 1’, which were 
otherwise widespread in the seed bank and present for both invaders. This may indicate that 
invasion by L. vulgare has altered the abundance of these species at a local scale or at least the 
















There was no evidence that either invasive species had an allelopathic effect on the growth of 
the native plant species tested. Further study is, however, warranted to confirm the results. 
Undertaking the study during the warmer months when growth rates increase, could be 
valuable as could experimenting with other native species, including graminoid species, and 
an altered watering regime. Field trials would be useful as Inderjit & Weston (2000) suggest 
allelochemical movement and degradation can differ between artificial and field soil and that 
there is often a lack of support between lab results and empirical field measurements. The 
existence of allelopathy in these species on native species is still possible. Hieracium species 
in particular, have documented interference competition (allelopathic) properties through 
inhibiting growth and germination and also on pollen competition (Dawes & Maravolo 1973; 
Murphy 2000).  
 
Study of the potential of allelopathic interference impacts of native species is relevant not 
only to identifying mechanisms of invasion but also to restoration efforts. The presence of 
phytotoxins in the soil whilst the source plant is alive directly impacts native plant growth and 
survival. The potential for these toxins to persist in the ground after eradication is another 
possibility, and may delay restoration efforts and increase the chance for secondary or 
reinvasion (Gentle & Duggin 1997). The potential impact of allelopathic chemicals from 
these weeds on seed germination was not tested although no impact was discernable from the 
seed bank. Samples were taken from areas within invasion where such chemical could be 
assumed to be present, although there are also the other species for which germination cues 













4.4. Synthesis of Findings and Management Applications 
 
The outcomes of this thesis have added to the knowledge of the ecology of L. vulgare and H. 
aurantiacum and the mechanisms through which they are invading ecosystems within 
Kosciuszko National Park. It is apparent that both species have the potential to be more 
serious invasive weeds and cause significant environmental, social and economic costs. The 
potential management applications of this study will be discussed in this section in the context 
of current actions already being taken and how these could be augmented with the benefit of 
added information. 
 
4.4.1. Future Management of H. aurantiacum 
 
The current approach to the management of H. aurantiacum is a focus on preventing spread 
by early detection, education, limiting the movement of plants and seeds, as well as 
eradication of infestations. Such actions continue to be appropriate with the new information 
provided in this study and in light of the currently limited distribution of the plant. This study 
has added knowledge on how the seed bank of H. aurantiacum operates with high 
concentrations of seed nearby to plants, but little evidence to support that a long-term seed 
bank is a reproductive strategy of the plant. The ability of the plant to disperse long distances 
has also not been ruled out, which is confirmed by anecdotal references from the field and 
from current managers. The current momentum that exists in terms of annual monitoring and 
control should continue, and will destroy plants before they seed thereby limiting the ability 
of the plant to disperse. Follow up monitoring and control over the short term (1-2 years) 
should prove adequate to destroy any remaining seeds in the seed bank or plants remaining 
(Bear et al. 2012). Expansive monitoring of surrounding areas also appears to be warranted to 
find new populations.  
 
Negative impacts on a native species were identified, but the lower than expected growth rate 
of this species potentially indicates that competition, at least in the time period tested, may not 
be the most important component in how this species invades. My work suggested that slow 
establishment was more likely for this species, although significant disturbances e.g. fire, may 




populations and role of seed dispersal and longevity indicate that at least in terms of 
management, prevention and timely eradication is most important. 
 
The results of this thesis also provide an impetus to start considering restoration of sites post 
treatment or after eradication. The result of seed bank trials indicate that few negative impacts 
from invasion have so far eventuated which would allow regeneration to operate successfully 
once H. aurantiacum is eradicated. The window of opportunity to take advantage of this is 
potentially limited by seed longevity however, and the impact of ongoing herbicide use and 
control related disturbance on the seed bank is unknown.  
 
4.4.2. Future Management of L. vulgare 
 
Study of L. vulgare highlighted the invasive tendencies of this species and indicates that more 
resources should be directed towards its control and possible inclusion under the Noxious 
Weeds Act in New South Wales. Current management in the area studied is limited to 
containment around assets such as roads and electricity easements. The rapid growth of this 
species relative to native species and the negative impact upon native species in the trial 
highlights that L. vulgare is likely to outcompete native herb species in particular. Its presence 
in areas such as Nungar Plain, where a number of threatened species exist, therefore 
necessitates more attention is needed. The potential effects on grazing, by reducing pasture 
quality and increasing erosion, means that spread of L. vulgare is also a threat to agriculture. 
 
The results of the seed bank study point to a very productive species that can dominate the 
immediate area surrounding individuals due to large numbers of potentially long-lived seeds. 
The dispersal mechanism of this species is also not as limited as first thought, with seed 
readily found at 5m from invasion, with transport by water a potential means. Current control 
and management is containment focusing on spraying or pulling outlying plants (Benson 
2012), but some spread appears to be continuing despite this approach (E Peach 2012, pers. 
comm., 25 January). More generous and comprehensive spraying before seeding is necessary 
to ensure these containment zones are maintained. Containment is a vital strategy if this 
species is to be controlled, as the seeds, whilst not having innate dormancy have the ability to 




restoration efforts. L. vulgare urgently needs to be considered for inclusion under the NSW 
Noxious Weed Act. 
 
4.5. Further Research Directions 
 
A number of further research directions were identified over the course of this thesis, arising 
from issues experienced or observed gaps in the knowledge surrounding these species. It 
would be useful to conduct further studies focusing on allelopathic effects of these species on 
a number of potentially threatened native species, using a number of methods including an 
optimized drainage water method. Further research into the restoration potential of invaded 
areas after treatment would be valuable to ensure a return to pre-invasion conditions. 
Allelopathic species can often leave residual phytotoxic allelopathic chemicals in the soil, 
which may hinder native regeneration.  
 
Further research may be warranted on the seed bank of both species to determine what other 
species germinate under additional cues such as cold or smoke treatments. Determining the 
similarity of the seed bank to species represented in the above ground vegetation could be 
performed in situ or through further lab experiments, potentially indicating more 
comprehensively what impacts have occurred from invasion. In the case of H. aurantiacum, 
the collection of soil samples could be optimised to before and after seeding, if any such 
uncontrolled populations exist, to determine the differential characteristics of the seed banks. 
Further research on the long-distance dispersal patterns of H. aurantiacum may be warranted 
if spread continues to non-connected areas, which has occurred in the past. Spread aided by 
watercourses and animal vectors are other potential research interests. 
 
Ongoing research into the efficiency of currently used control methods has been performed on 
H. aurantiacum. For L. vulgare, most literature on control and management is from overseas 
and is often focused on agriculture. Research through annual monitoring of efficacy of control 
methods should be extended to L. vulgare, with a focus on adapting methods to use in 
conservation areas. The role of remnant herbicides in the soil is also a potential inhibitor to 
restoration and may require additional research. The expanding range of L. vulgare may 
warrant further study on its competitive effects, its impact on agriculture and potential to 




4.6. Conclusions and Recommendations   
 
Improving the knowledge of invasive species is perhaps one of the best ways in which to 
assess their potential to cause damage to the environment and other assets. Research also 
provides the ability to optimise often-scarce funding and resources and focus management 
and control approaches to those that will be most effective. L. vulgare and H. aurantiacum 
constitute invasive species which have the potential to become major weeds, both within and 
beyond the borders of Kosciuszko National Park and cause considerable environmental, 
economic and social impacts.  
 
Hieracium aurantiacum was found to have a seed dispersal pattern that was highly clustered 
around parent plants, with longer distance dispersal low. Negative impact from invasion of H. 
aurantiacum on existing seed banks were not found and other introduced species in the seed 
bank are widespread generalists. Competitive impacts from this species were apparent on one 
of the native Asteraceae species tested and it also displayed a degree of resource use 
efficiency. The results and past literature indicate that this species may rely heavily on 
disturbance to facilitate its spread. Allelopathic properties of this plant were not detected 
although methodological issues may have been at play. Fortunately H. aurantiacum is the 
focus on an ongoing monitoring and control program and many of the following 
recommendations mirror or address those outlined in the ‘Orange Hawkweed Control 
Program Annual Report 2010/2011’ (Caldwell & Wright 2011).  
 
Detailed recommendations are as follows: 
 Maintenance of the current program related to monitoring and control of H. 
aurantiacum. This should include the outlined education and awareness programs and 
control and eradication of populations. Periodic evaluation of methods and results of 
each of these components and subsequent adjustments to the program are 
recommended, particularly in response to the discovery of new populations.  
 Air and ground searching should continue ensuring monitoring is expansive enough to 
account for the possibility of isolated populations, which may have resulted from 





 Attempt to limit the sorts of disturbance that may facilitate its expansion (fire, grazing 
and introduced animals) in park management, or at least ensure that monitoring 
programs consider them. 
 Ensure that a monitoring program, post-control, is set up to outline the progress of 
native regeneration and also to ensure reinvasion does not occur. Re-spraying invaded 
areas over the short term should take care of the short-lived seed bank and any 
vegetative regeneration. 
 
L. vulgare is found across a number of disjunct populations from Glen Innes to Bombala in 
NSW. The soil seed bank of this species showed highly concentrated dispersal in areas 
immediately next to parent plants. Additionally, capability to disperse further away (5 m 
distant) was also noted. Compositional differences in the invaded and uninvaded seed bank 
were noted, although the differences did not necessarily indicate negative impacts. The 
competitive ability against a native Asteraceae species and high resource use efficiency 
necessitates that much more needs to be done to control this species. This is particularly true 
due to a seed bank that is potentially long-lived. Allelopathic properties of the plant were not 
detected.  
 
Detailed recommendations are as follows: 
 
 Urgent need for mapping to identify the current distribution of this species and the 
density of population. This is relevant within Kosciuszko National Park and state-wide 
to allow for containment lines/zones to be established and formalised.  
 A consideration of whether L. vulgare should be upgraded to a higher threat level or 
included under the NSW Noxious Weeds Act, to allow increased funding for 
monitoring, control and research. 
 Initiate more widespread control of L. vulgare, utilising containment areas that are 
appropriate in terms of probability of success. Prioritise areas for control which meet 
the goals of containment and which lessen the potential of this species to impact 
threatened species, communities and populations. Control before flowering and 
seeding is a priority due to the highly productive nature of this species. 
 Have a procedure of monitoring invaded areas after control efforts, to gauge success. 
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7. APPENDIX 1   
Abundance of H. aurantiacum with distance from invasion front. Counts are per tray. 
 S1: Farm Ridge S2: Fifteen Mile Ridge S3: Round Hill 
Within 40.3 (335 seeds/m2) 4.3 (35.8 seeds/m2) 1 (8.3 seeds/m2) 
Near 3 (24.9 seeds/m2) 2 (16.6 seeds/m2) 0 
Away 0.7 (5.81 seeds/m2) 0 0 
Pairwise comparison (for Kruskal Wallis test) of the abundance of H. aurantiacum  with 
distance from invasion. A significant camparison is indicated by an *. 
Pairwise combination D. F. χ² P-value 
Within-Near 1 2.9814 0.0842 
Within-Away 1 6.7923 0.0092* 
Near-Away 1 2.7614 0.0966 
 
 Abundance of Leucanthemum vulgare with distance from invasion front. Counts are per 
tray. 
 S1: Tantangara Dam Trail S2: Kelly’s Creek S3: Easement trail 
Within 19.7 (163.5 seeds/m2) 39.3 (326.2 seeds/m2) 41.7 (346.1 seeds/m2) 
Near 1.3 (10.8 seeds/m2) 18 (149.4 seeds/m2) 18.3 (151.9 seeds/m2) 













SIMPER analysis showing the cumulative contribution of species (up to 90%) to 
similarities within the seed bank of areas invaded by H. aurantiacum. Areas examined 
are; within invasions (W), near invasions (N) and away from invasion (A) and the 
abundance is a measure/soil sample 
 
Groups W & N 
Average dissimilarity = 79.89 
Species W)Av.Abund N)Av.Abund Av.Diss Diss/SD Contrib%       Cum.% 
Hieracium aurantiacum 17.00     1.88   24.38    1.20    30.52 30.52 
Poa sp. 1     4.38     3.00   12.22    0.82    15.30 45.82 
Acetosella vulgaris     6.63     1.63   10.28    1.10    12.87 58.69 
Carex sp. 1     1.38     3.38    7.15    0.92     8.95 67.63 
Luzula sp     1.38     0.63    3.00    0.83     3.76 71.40 
Euchition/Gnaphalium sp. 1     0.75     0.00    2.53    0.47     3.16 74.56 
Cheilanthus sp.     1.00     0.13    2.22    0.77     2.77 77.33 
Pratia pendunculata     0.25     0.75    2.15    0.50     2.69 80.02 
Geranium potentilloides     0.38     0.25    1.99    0.43     2.49 82.52 
Oxalis perennans     1.00     0.13    1.93    0.97     2.42 84.93 
Viola betonicifolia     0.50     0.13    1.74    0.55     2.18 87.12 
Galium sp.     0.38     0.25    1.71    0.53     2.13 89.25 
Cardamine paucijuga     0.00     0.63    1.46    0.63     1.83 91.08 
Groups W & A 
Average dissimilarity = 83.42 
Species W)Av.Abund A)Av.Abund Av.Diss Diss/SD Contrib%      Cum.% 
Hieracium aurantiacum    17.00     0.25   22.92    1.11    27.47 27.47 
Carex sp. 1     1.38    10.13   14.08    0.93    16.88 44.35 
Poa sp. 1     4.38     3.13   11.22    0.78    13.45 57.81 
Acetosella vulgaris     6.63     3.88   10.99    1.01    13.17 70.98 
Luzula sp     1.38     1.38    3.28    0.96     3.94 74.91 
Oxalis perennans     1.00     1.13    3.16    0.87     3.79 78.70 
Euchition/Gnaphalium sp. 1     0.75     0.38    2.45    0.51     2.94 81.65 
Cheilanthus sp.     1.00     0.13    1.99    0.75     2.38 84.03 
Viola betonicifolia     0.50     0.13    1.55    0.55     1.86 85.89 
Pratia pendunculata     0.25     0.38    1.55    0.37     1.86 87.75 
Geranium potentilloides     0.38     0.00    1.41    0.33     1.69 89.44 
Cardamine paucijuga     0.00     0.63    1.30    0.54     1.56 91.00 
Groups N & A 
Average dissimilarity = 75.85 
Species N) Av.Abund A)Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Carex sp. 1     3.38    10.13   20.78    1.19    27.40 27.40 
Poa sp. 1     3.00     3.13   11.65    0.98    15.36 42.76 
Acetosella vulgaris     1.63     3.88    9.59    0.95    12.64 55.40 
Hieracium aurantiacum     1.88     0.25    6.05    0.72     7.98 63.38 
Pratia pendunculata     0.75     0.38    4.47    0.47     5.89 69.27 
Oxalis perennans     0.13     1.13    3.87    0.68     5.10 74.37 
Luzula sp     0.63     1.38    3.51    1.04     4.63 79.00 
Cardamine paucijuga     0.63     0.63    2.89    0.79     3.81 82.81 
Poaceae sp. 2     0.25     0.13    2.07    0.31     2.72 85.54 
Cassinia sp.     0.00     0.25    1.85    0.28     2.44 87.98 
Hypochaeris radicata     0.38     0.13    1.12    0.49     1.48 89.46 













SIMPER analysis showing the cumulative contribution of species (up to 90%) to 
similarities within the seed bank of areas invaded by H. aurantiacum. Areas examined 
are; within invasions (W), near invasions (N) and away from invasion (A) and the 
abundance is a measure/soil sample 
 
Groups W  &  N         
Average dissimilarity = 79.33 
Species W)Av.Abund N)Av.Abund Av.Diss Diss/SD Contrib%   Cum.% 
Acetosella vulgaris     6.63     1.63   17.58    1.02    22.16 22.16 
Poa sp. 1     4.38     3.00   16.05    0.91    20.23 42.39 
Carex sp.      1.38     3.38    9.70    1.02    12.23 54.62 
Luzula sp     1.38     0.63    4.25    0.98     5.35 59.98 
Cheilanthus sp.     1.00     0.13    3.67    0.76     4.63 64.61 
Pratia pendunculata     0.25     0.75    3.23    0.57     4.07 68.68 
Oxalis perennans     1.00     0.13    3.05    1.03     3.84 72.52 
Euchition sp. 1     0.75     0.00    2.67    0.47     3.37 75.88 
Geranium potentilloides     0.38     0.25    2.45    0.44     3.09 78.97 
Viola betonicifolia     0.50     0.13    2.43    0.57     3.07 82.04 
Cardamine paucijuga     0.00     0.63    2.09    0.67     2.64 84.68 
Galium sp.     0.38     0.25    2.07    0.53     2.61 87.29 
Native plant sp.     0.25     0.13    1.78    0.37     2.24 89.53 
Poaceae sp. 2     0.25     0.25    1.68    0.64     2.12 91.65 
Groups W  &  A       
Average dissimilarity = 79.20 
Species W)Av.Abund A)Av.Abund Av.Diss Diss/SD Contrib%             Cum.% 
Carex sp.      1.38    10.13   17.17    1.04    21.68 21.68 
Acetosella vulgaris     6.63     3.88   16.54    0.97    20.89 42.56 
Poa sp. 1     4.38     3.13   13.93    0.87    17.59 60.15 
Luzula sp     1.38     1.38    4.23    1.12     5.35 65.50 
Oxalis perennans     1.00     1.13    4.20    0.99     5.30 70.80 
Cheilanthus sp.     1.00     0.13    3.07    0.72     3.88 74.67 
Euchition sp. 1     0.75     0.38    2.56    0.53     3.23 77.90 
Pratia pendunculata     0.25     0.38    2.36    0.41     2.98 80.88 
Viola betonicifolia     0.50     0.13    1.99    0.57     2.52 83.40 
Cardamine paucijuga     0.00     0.63    1.69    0.55     2.13 85.53 
Geranium potentilloides     0.38     0.00    1.56    0.33     1.98 87.50 
Galium sp.     0.38     0.00    1.34    0.42     1.69 89.19 
Cassinia sp.     0.13     0.25    1.30    0.51     1.64 90.83 
Groups N  &  A       
Average dissimilarity = 74.71 
Species N)Av.Abund A)Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Carex sp.      3.38    10.13   21.91    1.24    29.33 29.33 
Poa sp. 1     3.00     3.13   12.51    0.98    16.75 46.07 
Acetosella vulgaris     1.63     3.88   10.36    0.97    13.86 59.94 
Pratia pendunculata     0.75     0.38    4.85    0.49     6.49 66.43 
Oxalis perennans     0.13     1.13    4.08    0.68     5.46 71.89 
Luzula sp     0.63     1.38    3.70    1.05     4.95 76.84 
Cardamine paucijuga     0.63     0.63    3.25    0.78     4.35 81.20 
Poaceae sp. 2     0.25     0.13    2.18    0.32     2.92 84.12 
Cassinia sp.     0.00     0.25    2.02    0.30     2.70 86.82 
Acaena novae-zelandiae     0.38     0.00    1.28    0.43     1.72 88.54 












SIMPER analysis showing the cumulative contribution of species (up to 90%) to similarities 
within the seed bank of areas invaded by L. vulgare. Areas are: within invasions (W), near 
invasions (N) and away from invasion (A) and the abundance is a measure/soil sample. 
 
Groups W  &  N 
Average dissimilarity = 74.72 
Species W)Av.Abund N)Av.Abund Av.Diss Diss/SD Contrib%   Cum.% 
Leucanthemum vulgare    33.56    12.56   36.42    1.87    48.74 48.74 
Carex sp. 1     1.56     3.78    5.85    0.55     7.83 56.57 
Medicago     2.78     0.22    5.14    0.64     6.88 63.45 
Poa sp. 1     1.22     3.00    4.32    0.75     5.78 69.23 
Asteraceae sp. 4     2.11     0.89    3.48    0.87     4.66 73.89 
Luzula     0.67     2.89    3.17    0.77     4.24 78.13 
Euchition sp. 1     0.56     1.78    2.70    1.18     3.62 81.75 
Hypericum gramineum     0.22     1.56    2.59    0.54     3.46 85.21 
Echium     1.11     0.33    1.82    0.48     2.43 87.65 
Juncus sp.     0.89     0.11    1.65    0.49     2.21 89.85 
Native sp. 1     0.22     0.44    0.89    0.42     1.18 91.04 
 
Groups W  &  A 
Average dissimilarity = 77.35 
Species W)Av.Abund A)Av.Abund Av.Diss Diss/SD Contrib%   Cum.% 
Leucanthemum vulgare    33.56     9.89   37.90    1.71    49.00 49.00 
Medicago     2.78     0.22    5.64    0.60     7.29 56.29 
Euchition sp. 1     0.56     2.56    4.56    0.79     5.89 62.18 
Asteraceae sp. 4     2.11     0.78    3.61    0.80     4.67 66.85 
Native sp. 1     0.22     3.22    3.38    0.57     4.37 71.22 
Luzula     0.67     1.67    2.97    0.67     3.85 75.06 
Carex sp. 1     1.56     0.67    2.37    1.12     3.06 78.12 
Poa sp. 1     1.22     0.33    1.72    1.12     2.23 80.35 
Juncus sp.     0.89     0.00    1.66    0.44     2.14 82.49 
Asteraceae sp. 3     0.11     0.89    1.63    0.64     2.10 84.59 
Echium     1.11     0.22    1.62    0.39     2.10 86.69 
Hypericum gramineum     0.22     0.67    1.44    0.48     1.86 88.54 
Acetosella vulgaris     0.33     0.44    1.08    0.70     1.39 89.94 
Cyperaceae sp.     0.00     0.44    0.80    0.32     1.04 90.97 
Groups N  &  A 
Average dissimilarity = 78.31 
Species N)Av.Abund A)Av.Abund Av.Diss Diss/SD Contrib%   Cum.% 
Leucanthemum vulgare    12.56     9.89   24.39    1.23    31.15 31.15 
Carex sp. 1     3.78     0.67    7.70    0.51     9.83 40.97 
Poa sp. 1     3.00     0.33    6.60    0.65     8.42 49.40 
Luzula     2.89     1.67    6.04    1.01     7.72 57.12 
Euchition sp. 1     1.78     2.56    5.18    0.78     6.62 63.73 
Native sp. 1     0.44     3.22    4.65    0.66     5.94 69.67 
Hypericum gramineum     1.56     0.67    4.32    0.58     5.52 75.20 
Asteraceae sp. 4     0.89     0.78    2.49    0.92     3.18 78.37 
Asteraceae sp. 3     0.22     0.89    2.24    0.69     2.86 81.23 
Cyperaceae sp.     0.22     0.44    1.48    0.44     1.89 83.12 
Gonocarpus micranthus     0.56     0.11    1.46    0.39     1.86 84.98 
Acetosella vulgaris     0.11     0.44    1.02    0.62     1.30 86.28 
Echium     0.33     0.22    0.94    0.58     1.20 87.49 
Pennisetum clandestinum     0.00     0.56    0.82    0.50     1.05 88.54 
Medicago     0.22     0.22    0.79    0.51     1.01 89.55 











SIMPER analysis showing the cumulative contribution of species (up to 90%) to similarities 
within the seed bank of areas invaded by L. vulgare. Areas are: within invasions (W), near 
invasions (N) and away from invasion (A) and the abundance is a measure/soil sample. 
Groups W & N        
Average dissimilarity = 81.91 
Species W)Av.Abund N)Av.Abund Av.Diss Diss/SD Contrib%    Cum.% 
Carex sp.      1.56     3.78   11.38    0.71    13.90 13.90 
Trifolium repens     2.78     0.22   10.06    0.69    12.29 26.18 
Poa sp. 1     1.22     3.00    9.77    0.95    11.93 38.12 
Asteraceae sp. 4     2.11     0.89    8.03    0.95     9.80 47.92 
Luzula sp.     0.67     2.89    7.53    0.71     9.19 57.11 
Euchition sp. 1     0.56     1.78    5.90    1.43     7.21 64.32 
Hypericum gramineum     0.22     1.56    4.72    0.61     5.77 70.08 
Echium     1.11     0.33    4.19    0.49     5.12 75.20 
Juncus sp. 1     0.89     0.11    3.22    0.49     3.93 79.13 
Native sp. 1     0.22     0.44    1.76    0.52     2.15 81.27 
Oxalis perrenans     0.44     0.22    1.75    0.72     2.14 83.42 
Acetosella vulgaris     0.33     0.11    1.60    0.55     1.96 85.37 
Gonocarpus micranthus     0.00     0.56    1.59    0.35     1.94 87.31 
Introdcued grass sp.     0.22     0.33    1.44    0.67     1.76 89.07 
Introduced sp.     0.33     0.11    1.27    0.58     1.55 90.61 
Groups W & A       
Average dissimilarity = 86.61 
Species W)Av.Abund A)Av.Abund Av.Diss Diss/SD Contrib%    Cum.% 
Trifolium repens     2.78     0.22   10.63    0.68    12.27 12.27 
Euchition sp. 1     0.56     2.56    9.58    0.97    11.06 23.34 
Native sp. 1     0.22     3.22    8.51    0.57     9.83 33.17 
Asteraceae sp. 4     2.11     0.78    7.70    0.88     8.89 42.06 
Luzula sp.     0.67     1.67    5.87    0.84     6.78 48.84 
Carex sp. 1     1.56     0.67    5.62    1.06     6.49 55.33 
Poa sp. 1     1.22     0.33    4.49    1.06     5.18 60.51 
Echium     1.11     0.22    3.70    0.40     4.27 64.77 
Asteraceae sp. 3     0.11     0.89    3.22    0.74     3.72 68.50 
Juncus sp. 1     0.89     0.00    3.16    0.44     3.65 72.15 
Hypericum gramineum     0.22     0.67    2.90    0.54     3.34 75.49 
Acetosella vulgaris     0.33     0.44    2.33    0.68     2.69 78.18 
Oxalis perrenans     0.44     0.00    1.60    0.62     1.84 80.03 
Pennisetum clandestinum     0.00     0.56    1.55    0.48     1.79 81.82 
Introduced sp.     0.33     0.22    1.52    0.66     1.76 83.58 
Geranium potentilloides     0.22     0.22    1.52    0.55     1.75 85.33 
Native sp. 2     0.11     0.33    1.51    0.52     1.74 87.07 
Cyperaceae sp.     0.00     0.44    1.49    0.34     1.72 88.79 
Juncus sp. 2     0.33     0.11    1.28    0.70     1.48 90.27 
Groups N & A       
Average dissimilarity = 80.39 
Species N)Av.Abund A)Av.Abund Av.Diss Diss/SD Contrib%    Cum.% 
Poa sp. 1     3.00     0.33   10.23    0.81    12.72 12.72 
Carex sp. 1     3.78     0.67   10.02    0.59    12.46 25.18 
Luzula sp.     2.89     1.67    9.44    0.87    11.74 36.92 
Native sp. 1     0.44     3.22    8.45    0.59    10.52 47.43 
Euchition sp. 1     1.78     2.56    7.14    0.85     8.88 56.31 
Hypericum gramineum     1.56     0.67    5.46    0.63     6.79 63.10 
Asteraceae sp. 4     0.89     0.78    4.80    0.66     5.97 69.07 
Asteraceae sp. 3     0.22     0.89    3.02    0.73     3.75 72.83 
Cyperaceae     0.22     0.44    1.90    0.45     2.36 75.19 
Gonocarpus micranthus     0.56     0.11    1.82    0.40     2.27 77.45 
Echium     0.33     0.22    1.51    0.66     1.87 79.33 
Pennisetum clandestinum     0.00     0.56    1.46    0.47     1.82 81.15 
Acetosella vulgaris     0.11     0.44    1.38    0.68     1.71 82.86 
Hypochaeris radicata     0.22     0.22    1.26    0.61     1.57 84.42 
Trifolium repens     0.22     0.22    1.19    0.59     1.48 85.90 
Pratia pendunculata     0.00     0.22    1.13    0.32     1.41 87.31 
Native sp. 2     0.00     0.33    0.89    0.47     1.11 88.42 
Geranium potentilloides     0.00     0.22    0.88    0.33     1.09 89.51 




F tables of species richness results where * denotes significance 
Response variable Explanatory variable D. F. S. S. M. S. F ratio P 
 
Species richness; H. aurantiacum Site 2 46.7778 23.3889 2.9441 0.0835 
Species richness; H. aurantiacum Distance 2 75.4444 37.7222 4.7483 0.0253* 
Species richness; H. aurantiacum Site (cat.)xDistance (cat.) 4 11.8056 2.9514 0.3715 0.8253 
Species richness; H. aurantiacum Error  15 119.1667 7.9444   
Species richness; H. aurantiacum Total 23 251.8333    
 
Species richness; L. vulgare Site 2 18.0741 9.0371 1.5443 0.2404 
Species richness; L. vulgare Distance 2 3.1852 1.5926 0.2722 0.7648 
Species richness; L. vulgare Site (cat.)xDistance (cat.) 4 51.2593 12.8148 2.1899 0.1113 
Species richness; L. vulgare Error  18 105.3333 5.8519   
Species richness; L. vulgare Total 26 177.8519    
 
 
 
